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Abstract

School-Related Exposure to Nitrogen Dioxide and Asthma Severity in
Children Enrolled in the Study of Traffic, Air Quality and Respiratory Health
Rashele P. Yarborough
2012

Asthma is an inflammatory disease of the airways characterized by shortness of
breath, chest tightness, wheezing and cough. It is one of the most common
chronic diseases in children in developed countries, and the prevalence of
pediatric asthma has been increasing in recent decades. Both indoor and
outdoor air pollution have been identified as risk factors for asthma incidence,
prevalence and severity.

One of the major gaseous air pollutants, nitrogen

dioxide (NO2), is generally related to combustion processes and research has
been done to assess its role in asthma outcomes.

Unfortunately, studies

investigating the relationships between NO2, asthma and respiratory symptoms
have remained inconsistent.

A major issue that arises in studies of N02

exposure is that most do not account for the high degree of spatial variability that
is present in ambient NO2 levels, especially in urban areas. This dissertation
research sought to address some of the issues identified in the current literature
by: assessing the state of research on traffic-related pollution and asthma in
children with a systematic review; employing an exposure assessment method
that uses a combination of local measurements and modeling to address the
concern of spatial variability in NO2 exposure levels; and using data from a large

prospective cohort study of asthmatic children (STAR) to investigate the effects
of school-level exposures to N02 on asthma severity. The systematic review it
highlights the need for future large sample, prospective cohort studies with longer
follow-up periods to investigate further the associations between traffic and
asthma in children. Using a combined measurement and modeling approach,
this study found a statistically significantly increased risk of worse asthma
severity from ambient NO2 exposures at school for children with indoor home
N02 exposures above 6 ppb compared to children with low home exposures (OR
1.31 (1.02, 1.69)). These children were more likely to be self-reported minorities
with relatively low socioeconomic profiles.

There was no association found

between asthma severity and length of time spent or mode of transportation used
in travel to school for the children in STAR. This study sought to enhance the
current literature on school air pollution exposures and pediatric asthma by
estimating ambient NO2 levels at schools and investigating the association
between school-related N02, including exposures during transport, and asthma
severity. Overall results indicated an increased risk of more severe asthma with
concurrently high home and school N02 levels, with little effects on asthma
severity from exposures during school-related transport.
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Chapter 1
Introduction
Asthma is an inflammatory disease of the airways characterized by shortness of
breath, chest tightness, wheezing and coughing (1).

It is one of the most

common chronic diseases in children in developed countries, and the prevalence
of pediatric asthma has been increasing in recent decades (2, 3). In addition to
the symptoms mentioned above, asthma can cause significant declines in quality
of life, including school absenteeism, decreased activity level and even death (4,
5). These associated symptoms and quality of life indicators often are worse
among individuals who are ethnic minorities and those living in urban
environments (6).

Both indoor and outdoor air pollution have been investigated for their contribution
to asthma incidence, prevalence and severity. Epidemiologic evidence is clear
that there is a relationship between air pollution and respiratory health effects.
The exact characterization of this relationship, however, has yet to be determined
(7). Epidemiologic studies have found associations between air pollution and
decrements in lung function (8), asthma exacerbations (9), work/school absences
(4, 10) and increased need for rescue medications. Research also has revealed
that reducing air pollution levels can lead to reductions in health care use for
asthma and, therefore, improvements in quality of life for asthmatic patients (11).

While connections between air pollution and health have been observed
historically, there remain questions about the effects at low levels. It is also

unclear which pollutants cause or are involved in which effects. NO2 is a major
gaseous air pollutant and is generally related to combustion processes. In urban
environments, the major source of NO2 in outdoor air is traffic and NO2 is often
considered a marker for traffic-related pollution (12).

In animal studies, NO2

exposure caused an increase in pulmonary inflammation following antigen
challenge (13) and deficits in pulmonary function (14). There also have been
studies that found a specific link between traffic-related pollution and respiratory
health in children and adults (7).

Unfortunately, studies investigating the

relationships between NO2, asthma and respiratory symptoms have remained
inconsistent. Most human studies of the effects of acute NO2 exposure have
found no respiratory damage in healthy subjects exposed to levels below 1ppm,
but some have reported health effects at lower levels (15) and others have
reported aggravation of symptoms in asthmatic populations (16). Some studies
show increases in asthma attacks related to NO2 exposure, some show
associations with select symptoms but not with asthma exacerbations and others
show no effects at all (12).

A major issue that arises in studies of NO2 exposure is that most do not account
for the high degree of spatial variability that is present in ambient NO2 levels,
especially in urban areas. This is particularly evident from studies using centralsite air quality monitors, which have found little evidence for a relationship
between community-average pollution exposures and asthma prevalence (17).
Recent studies have shown substantial variation in traffic-related pollutant levels
when analyzed in different neighborhoods.
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While many studies have used

central site monitors, others have used proximity to major roads and other traffic
metrics as proxies for exposure to traffic-related pollutants; there are few studies
that have measured local exposure (16). Some, but not all, of these studies have
found asthma to be related to local variations in traffic patterns. These studies
may be inconsistent due to the use of different indicators of local pollution (i.e.
home exposure vs. traffic volume near home vs. modeled exposures) which may
or may not have been validated against measured concentrations of pollutants
(18).

A recent cohort study of school-aged children with residential indoor N02 sources
found a dose-response relationship between N02 levels and respiratory
symptoms (15). Exposures in places other than the home also are of interest,
but have received less research attention than residential exposures. School is
the other main location where children spend a large portion of the day.

A

potential source of outdoor exposure to traffic-related pollutants at schools
(including N02) are school buses; they present a possible source of exposure for
various groups of children at schools, including children transported on them
(19).

This dissertation research sought to address some of the issues identified in the
current literature by: assessing the state of research on traffic-related pollution
and asthma in children with a systematic review; employing an exposure
assessment method that uses a combination of local measurements and
modeling to address the concern of spatial variability in N02 exposure levels; and
3

using data from a large prospective cohort study of asthmatic children to
investigate the effects of school-level exposures to NO2 on asthma severity.
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Chapter 2
Exposure to traffic and asthma in school-age children and
adolescents: a systematic review
2.1

Introduction

Asthma is one of the most common chronic diseases in children worldwide, and
the prevalence of pediatric asthma has been increasing in recent decades
(3). Numerous risk factors have been associated with asthma exacerbations,
including air pollution (20); both indoor and outdoor air pollution have been
investigated for their contribution to asthma incidence, prevalence and severity.

One of the major sources of outdoor air pollution is traffic. While epidemiological
evidence has shown a relationship between air pollution and asthma, the exact
characterization of this relationship in children and the role of traffic have yet to
be determined.

Studies have found a specific link between traffic-related

pollution and respiratory health in children and adults (4, 7-11). Unfortunately,
the results of such studies often are not consistent and depend on many factors,
including which traffic-related pollutants (elemental carbon - EC, nitrogen dioxide
- NO2, particulate matter - PM) are measured and how. Particles found in trafficrelated exposures have been associated with increased airway hyperresponsiveness and allergic sensitization (21), increased inflammatory response
has been found among asthmatic adults with exposure to diesel exhaust (22) and
some studies have shown no respiratory damage in healthy subjects exposed to
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levels of N02 below 1 ppm, while others have reported health effects at lower
levels (15).

Asthma is a condition that affects a large number of children in the U.S. and
worldwide, especially in urban environments and among minority populations (3,
23). As stated above, outdoor air pollution has been cited as a major risk factor
for

asthma

in

sensitive

populations

and

traffic

exhaust

is

a

large

component. Unfortunately, the association between exposure to traffic and
asthma in children has not been delineated clearly. A review of cohort studies
was conducted recently (24) to update the 2005 World Health Organization
report on "Health effects of transport related air pollution" (25) with respect to
long-term traffic exposure and the development of asthma and allergy in children.
However, it included studies on infants and preschool children with those
involving school-age children and adolescents.

The current review was

conducted systematically to address the question, "Is exposure to traffic and/or
traffic-related pollutants associated with asthma incidence and severity in schoolage children and adolescents?"

2.2

Methods

2.2.1 Sources
MEDLINE (1950 to October 2010) and the Cochrane Library (2009, Issue 4)
were searched systematically using the MeSH terms "asthma," "respiratory
sounds," "child," and "vehicle emissions," and the non-MESH keywords "traffic*,"
"traffic-related," "diesel," and "exhaust." Cross-sectional studies were excluded

6

by using the Boolean term NOT with the MeSH term "cross-sectional studies."
The final search was as follows: (((asthma or respiratory sounds) and child and
(traffic* or traffic-related or vehicle emissions or diesel or exhaust)) not crosssectional studies).

While the search was not limited to the English language, studies published in
non-English languages were excluded from this review.

2.2.2 Study selection
Prospective cohort studies of school-age children and adolescents ages 5 to 18
years were considered for this review. Children younger than five years of age
were excluded because it is difficult to diagnose asthma definitively in infants and
preschool-aged children, in whom wheezing from respiratory infections is
common (26).

The exposures of interest were traffic and traffic-related pollutants measured by
various methods, including proximity measures, such as living or attending
school near high traffic areas (truck routes and highways); land-use regression
modeling to estimate exposures to traffic; and measurement of traffic-related
pollutants (nitrogen dioxide - NO2, elemental carbon - EC, particulate matter PM), including but not limited to 8h max, 24-hour average and longer-term
average measurements.

Primary outcome measures included diagnosed asthma and measures of asthma
severity: number of asthma exacerbations during the specified follow-up period;
7

health care utilization for asthma (doctor's visits, ER visits, hospitalizations);
composite scores of symptoms and medication use; presence of wheeze,
including frequency measures; lung-function testing (peak expiratory flow (PEF),
spirometry); and use of asthma medications, including rescue inhalers and
maintenance medications. The secondary outcomes of missed school days and
days of restricted activity also were included as indirect measures of asthmarelated quality of life.

All prospective cohort studies that investigated the association between traffic
and/or traffic related pollutants and asthma in children ages 5-18 and met the
following inclusion criteria were included in this review: 1) clearly defined one of
the stated primary outcomes for this review as a primary or secondary outcome;
2) clearly defined exposure to traffic and/or traffic-related pollutants as either
primary or secondary exposure; 3) adjusted for potential confounders; 4)
presented relative risks or odds ratios and their corresponding confidence
interval or provided enough data to compute these parameters.

For each study, the first author's name, study design, study aim, publication year,
country, inclusion and exclusion criteria, sample size, population characteristics,
age (mean or range) of participants, participation rate, length of follow-up,
indicators of exposure (definition, assessment and range), asthma outcomes
(definition and assessment), follow-up rates, adjustment variables, odds ratios
(ORs) or relative risks (RRs) and 95% confidence intervals (CIs) were extracted
and entered into a database for comparison.
8

2.2.3 Quality assessment
Assessment of the validity of the included studies was conducted using the
United States Preventive Services Task Force (USPSTF) Quality Rating Criteria
(27), a validated tool for assessing the quality of experimental and observational
studies; the version of the scale for randomized controlled trials and cohort
studies was used for this review. This instrument consists of 7 criteria that are
assessed to determine the internal validity of studies in question: 1) initial
assembly of comparable groups; 2) maintenance of comparable groups; 3)
reporting of important differential loss to follow-up or overall high loss to followup; 4) use of equal, reliable and valid measurements; 5) clear definition of
interventions/exposures; 6) consideration of important outcomes; 7) adjustment
for potential confounders in analysis (Figure 2.1). Using these criteria, studies
were classified as either good, fair or poor based on the number of criteria met.
For the purposes of this review, measured pollutants were considered valid and
reliable, while modeled exposures were deemed valid if model validation was
stated by the study authors or if the exposure model was used in other studies.
Valid and reliable methods of outcomes assessment included self or parentalreport, as suggested by other investigators (28, 29) and more objective
measurement methods (i.e. spirometry).

Due to heterogeneity between the

included studies, a qualitative comparison of study results was conducted to
make conclusions based on the available data. Adjusted measures of association
were extracted and used for qualitative analysis whenever possible.

9

2.3

Results

The electronic search identified 232 articles (223 from MEDLINE and 9 from
Cochrane), the titles and abstracts of which were reviewed for relevance (Figure
2.2). 169 articles were excluded at this level; most of the excluded studies by title
and abstract were excluded on the basis of study design (cross-sectional, casecontrol, ecological studies or review papers). Characteristics of the 63 remaining
articles were input into a database in order to determine their eligibility for
inclusion. A total of 45 articles were excluded for the following reasons: 7 studies
included children outside of the eligible age range (2, 9, 30-34); 6 studies
presented the data in a format irrelevant to this review (i.e. stratified by gender or
pollution combined with exposure to violence) (35-40); 27 studies had an
excluded study design (18, 41-66); 3 studies were published in a non-English
language (67-69); and 2 did not include one of the stated outcomes (70, 71). 15
studies (4, 72-86) met the eligibility criteria; two additional studies (87, 88) were
identified from hand-searching the most recent relevant review (24). Four of the
15 studies included by Braback and colleagues (24) were included in this review;
the other 11 were excluded because in 9 of the studies the follow-up period
ended before age 5 and 2 studies used a different outcome.

A total of 17

prospective cohort studies (18 papers) have been included here.

Based on the United States Preventive Services Task Force (USPSTF) Quality
Rating Criteria, 11 of the included studies received a rating of "good", one study
received a rating of "fair" and 5 studies received a rating of "poor" (Table 2.1).
Heterogeneity in exposure and outcome assessments precluded meta-analysis
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for this review. A summary of results from those studies with a USPSTF rating of
"good" can be found in tables 2.2a -2. 2.e and are described briefly below.

Three (80, 82, 84) of four studies (80, 82, 84, 87) found significant associations
between traffic-related pollution and asthma incidence. N02 exposures were
statistically significantly associated with incidence of asthma, as were residential
exposures to non-freeway and

total (freeway + non-freeway) traffic, school

exposures to non-freeway traffic and combined (home + school) exposures to
non-freeway and total traffic.

There were no significant associations found

between exposures to PM2.5, PM10 or freeway traffic (home or school) and
asthma incidence.

All six of the studies that included asthma symptoms (76, 77, 79, 81, 83, 86)
found a significant association between traffic-related pollution and symptoms in
at least one of the exposure-outcome pairs assessed. NO2 and EC exposures
were statistically significantly associated with symptoms in two of the three
studies, while PM exposures were significantly associated with symptoms in
three of five studies and associations with traffic were significant only for road
density within 50m of home address.

One (83) of two studies (77, 83) found a significant association between trafficrelated pollution and rescue medication use. NO2 exposure was associated with
increased risk of rescue medication use, while EC, PM2.5 and PM10 were not.
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Three studies included some measure of lung function as an outcome (76, 79,
87). None of these studies found significant associations between lung function
and exposure to traffic-related pollutants. However, one study (87) reported lung
function results stratified by % predicted values and another study (79) reported
results as % change in lung function parameters, not as a relative measure of
risk.

While none of the included studies reported on frequency of asthma
exacerbations or asthma-related quality of life measures as outcomes, one study
(74) included health care utilization as an outcome and found no statistically
significant association between NOx exposure and risk of repeated hospital
encounters for asthma.

2.4

Discussion

As outlined above, all of the exposures had inconsistent associations with
asthma outcomes in the studies included in qualitative comparison (Table 2.3).
This systematic review agrees with other recent reports that the data on the
association between traffic-related exposures and asthma in children remain
inconsistent (2) and that the relationship between traffic-related pollution and
asthma needs to be characterized more fully (89, 90).

However, qualitative

comparison of study results implies a significant association between trafficrelated exposures and asthma in schoolchildren and adolescents.
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While no definitive implications for practice can be made based on the results of
this review, it highlights the need for future large sample, prospective cohort
studies with longer follow-up periods to investigate further the associations
between traffic and asthma in children. In addition, it emphasizes the lack of
consistency in measures of traffic-related pollution and asthma outcomes that
makes quantitative comparison of current study results difficult.

Better

characterization of the traffic-asthma relationship and the implementation of
scientifically rigorous studies focused on quality-of-life indicators would allow the
development of more focused interventions to improve quality of life for asthmatic
children.

13

2.5

Figures and tables

Criterion
1. Initial assembly of
comparable groups
2. Maintenance of
comparable groups

Good

Fair

Poor

comparable
groups
assembled
initially and
maintained
throughout
the study

generally
comparable
groups are
assembled;
questions remain
whether minor
differences
occurred during
follow-up
Follow-up <80%
or differential
loss to follow-up

initial groups are
not comparable
or not maintained
throughout the
study

acceptable,
though not ideal,
measurement
instruments used
and generally
applied equally

unreliable or
invalid
measurement
instruments used
or applied
unequally
(including not
masking
outcome
assessment)
Exposures not
defined clearly

3. Reporting of
follow-up at
important differential least 80%
loss to follow-up or
overall high loss to
follow-up
4. Use of equal, reliable reliable and
and valid
valid
measurements
measurement
instruments
used and
applied
equally

5. Clear definition of
interventions or
exposures

exposure
clearly
defined

Exposures not
defined clearly

6. Consideration of
important outcomes

important
outcomes
considered

some, but not all,
important
outcomes
considered
some, but not all,
potential
confounders
accounted for

7. Adjustment for
important
potential confounders confounders
in analysis
adjusted for

Follow-up <80%
or differential
loss to follow-up

some, but not all,
important
outcomes
considered
key confounders
given little or no
attention

Figure 2.1 USPSTF quality rating criteria - cohort studies
14

27 with excluded study design
7 with preschool children and/or
infants
159 articles excludedbased onie
and/or abstract (mainly irrelevant
study design)

lesexcl

HEKi&rciliHHM
I mfull

6 with issues of data presents fion
{stratification, minimal date)
2 with irrelevant exposure and/or
outcome
3 written in non-English language

Figure 2.2 Studies identified during systematic search - included (black)
and excluded (gray)
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Table 2.1 Descriptions and USPSTF ratings of included studies
Location

Subjects

Deffino
2003a, b

USA

Delfino 2009

USA

EscamillaNunez 2008

Mexico

26 Hispanic
children with
asthma,
ages 10-16
at study
entry
1,102
children with
health care
usitfor
asthma (out
of 2,768
ages 0-18),
ages 6-18 at
study entry
208 children 22 weeks,
(158
on
asthmatic + average
50 nonasthmatic),
ages 6-14 at
study entry

Folow-up Relevant
exposures
2-3
central-site
months
measurement of
1h-and 8h-max
NOj, 24-hr
average PM10,
24h-average EC
Passive, CALINE4
over 4dispersion model
year
estimates of NO2
period
and NO, validated (per
author)

Relevant
outcomes
PEF, adolescentreported asthma
severity (compiled
into symptoms
score) rescue
medication use
hospital recordsbased hospital
encounters
(combination of
ED visits and
hospital
admissions)

Measured
covariates
respiratory
infections

central-site
measurements of
24-hr and
ma*mum moving
averages, 8-hr
maxmum NQj

parent-reported,
symptoms diarybased presence of
wheeze and
medication use

sex, asthma severity,
atopy, minimum
temperature, time,
distance between
traffic road and
residence, age,
BMI, socioeconomic
status, outdoor
activity,
environmental
tobacco smoke, pets
in home, carpet,
season

parent-reported
wheeze, doctordiagnosed asthma
and bronchial
hyperresponsivene
ss assessed at age
8

sex, study arm,
Good
parental allergy,
parental education,
perinatal smoking,
breastfeeding at 3
months, gas stove,
unvented gas water
heater, sibfings at
birth, smoking in the
home, signs of
dampness in iving
area, pets, day
care, Dutch
nationalty, nonmoving during study

Gehring2010 Netherlands 3,963
8 years
children
from a birth
cohort, age
8 at study
end

and PM2.5 and
PMz 5 absorption
\Mth vaidation
using
measurements
taken at
participants'
schools; hourly
average traffic
density
GIS/LUR model
estimates based
on
measurements
taken at 40 sites,
traffic and
population
density - NQ2,
PM2 5 and soot validated (per
author)
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USPSTF
rating
Poor -key
confounders
given little or
no attention

sex, age, race,
Good
health insurance,
residence distance
to hospital, poverty,
season

Fat &oups
generally
comparable;
all losses to
follow-up
among
asthmatics

Table 2.1 Descriptions and USPSTF ratings of included studies, continued
Location

Subjects

Follow-up Relevant
exposures
149 children 1 year
central-site
\Mth doctor
measurements of
diagnosed
PM2 5; x-ray
asthma and
reflectance
symptoms or
results for EC
medication
use in the
preuous
year, ages 412 at study
entry

Gent 2009

USA

Gielen 1997

Netherlands 79 children ~ 2
with doctor- months
diagnosed
asthma,
ages 7-13 at
study entry

Hdguin 2007 Merico

200 children 4 months
\Mth and
without
doctordiagnosed
asthma,
ages 6-12 at
study entry

Islam 2007

USA

up to 8
2,057
years
children
from the
Children's
Health Study
(CHS) who
were and
disease-free
at baseine,
ages 9-10 at
study entry

Jerrett 2008

USA

217 children upto 8
randomly
years
selected in
strata from
917 eigible
CHS
participants
who were
disease-free
at baseine,
ages 9-18

Relevant
outcomes
parent-reported
daily wheeze and
medication use

Measured
covariates
season, date, sex,
age, ethnicity,
parental education,
environmental
tobacco smoke

USPSTF
rating
Good

central-site
measurements of
24h-average
PM10, NOj and
black smoke

PEF, parentpolen count day of Poor losses to
reported symptoms
follow-up
diary-based lower
>20%; key
respiratory
confounders
symptoms (sob,
given little or
wheeze and sob
with wheeze),
no attention
bronchodilator use

school-site
measurements of
48-hr average
PMj.s, wth EC
determined from
absorption
analysis', weekly
NOi; GISmodeled traffic
e*>osure
central-site
measurements of
NOs, PM10. PM2 5
and EC/OC
averaged from
1994-2003

FEV1, FVC,
parent-reported
daily symptoms
(cough, vtfieeze or
phlegm)

sex, age, BMI, day Good
of week, season,
maternal education,
passive smoking

FEV1, FEV25-75,
FVC, parentreported asthma
diagnosis

community, sex,
Good
race/ethnicity,
preterm birth, birth
weight perinatal
smoking, family
history of asthma,
ambient PM2.5 levels,
BMI, pets in home,
pests in home,
humidifier use,
household smoking

Modeled
child/adolescentexposures based reported asthma
diagnosis
on residential
measurements of
NQz,
meteorology,
GIS data and
U.S. Census
data in falwinter, summer
and averaged
annually
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Hispanic ethnicity, Good
enrolment group,
medical insurance
coverage, age, sex,
humidify

Table 2.1 Descriptions and USPSTF ratings of included studies, continued
Location
Mann 2010

USA

McConnell
2010

USA

Subjects

Follow-up Relevant
exposures
up to 4
central-site
280
measurements of
years
asthmatic
24-hr a\«rage
children
from the
PM2 S. 24-hr
Fresno
average PM10.2.5,
Asthmatic
24-h average EC
Children's
(estimated from
Environment
black carbon
Study
measurements),
cohort, ages
24-hr average
6-11
central-site
2,497
3 years
children
measurements of
from the
NQz, PM10 and
CHS who
PM25 and
were
GIS/LUR model
disease-free
estimates of
at study
residential and
entry, ages
school traffic4.8-9
related pollution

Relevant
outcomes
parent-reported
morning wheeze

questionnairebased asthma
diagnosis

(TRP)

O'Connor
2008

USA

Schildcrout
2006

USA;
Canada

937
2 years
asthmatic
children
from the
Inner City
Asthma
Study, ages
5-12
990
up to 6
asthmatic
months
children
from the
Childhood
Asthma

central-site
FEV1, PEFR;
measurements of parent-reported
daily PM2.5 and days of wheeze,
days of missed
NOz
school

central-site
measurements of
24-hr average
PM10 and NQ2

Program
(CAMP;
history of
rriId-tomoderate
asthma),
ages 5-12
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child-reported
symptoms diarybased symptoms
and medication
use

Measured
covariates
fitted daily mean
\Mreeze, home
ownership,
household smoking,
white nort-Hispanic
ethnicity, asthma
severity, sex,
minimum
temperature, home
wsit group, timing of
study errtry
race/ethnicity, age,
random effects for
community and
school, income,
parental education,
medical insurance,
environmental
tobacco smoke,
pets, sex, allergy,
team sports, parental
asthma, perinatal
smoking, mildew,
pests, indoor NQ2
source, wldfire
exposure
site, month,
temperature, cal
number, intervention
group, environmental
tobacco smoke,
inhaled
corticosteroids

USPSTF
rating
Good

day of week,
ethnicity, income,
age, methachoine
sensitiuty, season

Good

Good

Poor -key
confounders
given little or
no Mention

Table 2.1 Descriptions and USPSTF ratings of included studies, continued
Location
Shankardass USA
2009

Subjects

Relevant
Follow-up Relevant
exposures
outcomes
2,497
CALINE4
parent-reported
3 years
children
dispersion model asthma diagnosis
from the
estimates of
CHS who
residential trafficwere
related polution
disease-free
based on NO, atbasefne,
validated (per
ages 5-9 at
author)
study entry
2,854
6 years
central-site
parent-reported
children
measurements of asthma symptoms
from schools
NQ, and PM,0
in urban and
rural
communities
who were
disease-free
at baseline,
ages 6-12

Shima 2002

Japan

van tier Zee
1999

Netherlands 795 children 3 months
with and
without
chronic
respiratory
symptoms,
ages 7-11
133
USA
5-16
asthmatic
weeks
children
from the
CAMP
cohort
(history of
miId-tomoderate
asthma),
ages 5-12

Yu 2000

central-site
measurements of
24-hr average
PM10, black
smoke and NQ2

PEF, symptoms
diary-based
symptoms and
medication use

central-site
child-reported
measurements of symptoms diaryPM10 and PM10 based presence of
asthma symptoms
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Measured
covariates
race/ethnicity, age,
gender, community

USPSTF
rating
Good

sex, allergy, early
respiratory
diseases, parental
alergy, maternal
smoking, undented
heater use, home
building material

Poor initial groups
not
maintained
throughout
study;
losses to
follow-up
>20%

minimum daily
temperature, day of
week, time trend,
respiratory illness in
population

Poor - key
confounders
cjven little or
no attention

age, race, sex,
Good
baseline height
baseline FEV,,
season, day of week

Tables 2.2a - 2.2.e Qualitative Comparison of studies rated "good" by
USPSTF criteria, organized by outcome
2.2a Incidence
Study

Sample Size

Pollutants)

Islam 2007

2,057

PM2.5: low (5.7 - 8.5 ug/m3) vs.

Jerrett2008

217

NQ>: 6.2 ppb increase (summer; N=204)

1.27(1.03,1.57)

Not: 6.2 ppb increase (falMnter; N=209)

1.29(1.11,1.49)

NO2:6.2 ppb increase (annual average; M=196)

1.29(1.07,1.56)

NOt: 23.6 ppb increase

Z17 (1.18,400)

PM^5:17.4 ug/m3 increase

1.66(0.91,3.05)

PM,0:43.9 ug/m3 increase
Traffic: contined* freeway TRP**
Traffic: contined* non-freeway TRP*

1.35(0.64,2.85)

McConnel 2010

2,497

RR
high (13.7 -

29.5 ug/m3) annual average

Traffic: 15.2 ppb increase (school freeway TRP)

1.12(0.94,1.35)
1.61 (1.29,2.00)
1.34(1.07,1.68)
1.12(0.95,1.31)
1.51 (1.25,1.81)
1.32(1.08,1.61)
1.08(0.86,1.34)

Traffic: 5.9 ppb increase (school non-freeway TRP)

1.45(1.06,1.98)

Traffic: 18.5 ppb increase (school total TRP)

1.20(0.98,1.21)
1.31 (1.07,1.61)

Traffic: contined* total*** TRP**
Traffic: 13 ppb increase (home freeway TRP)
Traffic: 8 ppb increase (home non-freeway TRP)
Traffic: 20 ppb increase (home total TRP)

Shankardass2009

2,456

1.30(0.49,3.43)

NO2:21 ppb increase

* Combined = home + school (weighted for time in each location)
** TRP = traffic-related pollution
*** Total = freeway + non-freeway
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Tables 2.2a - 2.2.e, continued
Symptoms

Study
Holguin 2007

iiiiiiii

2.2b

Sample Size
Pollutants
95 (with asthma) Traffic: road density within 50m of home
Traffic: road density within buffers >50m from home
Traffic: traffic counts
Schitdcrout 2006 990
10.5 ug/m3 increase (same-day)

Outcome Definition
daily symptoms

RR

daily symptoms (any vs. none)

1.58(1.OS, 2.38)
"not significant" (data not shown)
"not significant" (data not shown)
1.08(1.00,1.13)

10.5 ug/m3 increase (1-day lag)

1.04(0.97, 1.10)

10.5 ug/m3 increase (2-day lag)

1.09 (1.03,1.15)

10.5 ug/m3 increase (3-day moving sum)

1.04 (1.01,1.07)

25 ug/m3 increase (same-day)

1.01 (0.98, 1.05)

25 ug/m3 increase (1-day lag)

1.01 (0.97,1.06)

25 ug/m3 increase (2-day lag)

1.02 (0.94,1.11)
1.02(0.98,1.07)

25 ug/m3 increase (3-day moving sum)
Gehring 2010

2,668

EC (soot): 0.57 x 10"® m'1 increase (annual average)

earty transient wheeze

1.22 (1.00,1.48)
1.17(0.97, 1.41)

NO2:10.4 ug/m3 increase (annual average)

1.29 (1.04,1.82)

PM2 5: 3.2 ug/m3 increase (annual average)
EC (soot): 0.57 x 10* m'1 increase (annual average)

late-onset wheeze

1.13(0.99, 1.30)
1.13(0.99, 1.29)

N02:10.4 ug/m3 increase (annual average)

1.18(1.01,1.37)

PM25. 3.2 ug/ro3increase (annual average)
EC (soot): 0.57 x 10* m"1 increase (annual average)

persistent wheeze

1.30(0.98, 1.74)
1.30(0.99,1.72)

NO2:10.4 ug/m3 increase (annual average)

1.37 (0.98,1.91)

PM2.5: 3.2 ug/m3 increase (annual average)
Yu 2000

Gent 2009

133

presence of symptoms

PM10:10 ug/m3 increase (same day)

149

1.14(1.04,1.28)

PM10:10 ug/m3 increase (1-day lag)

1.13(1.03,1.24)

PM10:10 ug/m3 increase (2-day lag)

1.04(0.96, 1.13)

PM10:10 ug/m3 increase (same day)
PM10:10 ug/m3 increase (1-day lag)
PM10:10 ug/m3 increase (2-day lag)

1.08(1.01,1.15)
1.10(1.03,1.18)
1.05(1.00,1.11)

EC: 1 ug/m3 increase (same-day)

wheeze

1.01 (p=0.15)

wheeze

1.12(0.97, 1.30)

1.07 (p=0.06)

EC: 1 ug/m3 increase (previous 2-davs)
Mann 2010

2.2c

245

EC: 3.7 ug/m3 increase (6-day lag)
NO2:4.6 ug/m3 increase (2-day lag)

1.10(1.02,1.20)

PM25:36.3 ug/m3 increase (5-day lag)

1.09 (0.93, 1.27)

PM10_2.5:14.7 ug/m3 increase (3-day lag)

1.11 (1.01,1.22)

Medication Use

Study

Sample Size

Pollutants

Gent 2009

149

EC: 1 ug/m3* increase (same-day)

1.04(p-0.04)

EC: 1 ug/m3" increase (previous 2-days)

1.02 (p=0.40)

Schildcrout 2006 990

RR

N02:10.5 ug/m3" increase (same-day)

1.04(1.00,1.08)

N02:10.5 ug/m3" increase (1-day lag)

1.03(0.99,1.08)

N02:10.5 ug/m3" increase (2-day lag)

1.05(1.01,1.09)

N02:10.5 ug/m3 increase (3-day moving sum)

1.03(1.01,1.05)

PM10:25 ug/m3 increase (same-day)

1.01 (0.98,1.03)

PM10:25 ug/m3 increase (1-day lag)

1.01 (0.97,1.05)

PM10:25 ug/m3 increase (2-day lag)

1.01 (0.97,1.05)

PMm: 25 uo/m3 increase (3-dav moving sum)

1.00(0.97,1.03)

ng/m3

* Converted from
** Converted from ppb
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Tables 2.2a - 2.2.e, continued
2.2d Lung Function
Study

Sample Size

Islam 2007

2,057

*

Mutants

• - » »««-

uucconv uewinon

Hdguin2007

Pl/ts.- low (57 - 8.5 ug/nf) vs. high (13.7 95{Mth asthma) Traffic

Gehring 2010

818

29.5 ug/m3) annual averages

RR

lung function

n/a (no owralrestis given)

lung function

rVa (% change reported)

bronchial hyperresponsiveness

EC (soot): 0.57 x 10-5 nv1 increase (annual average)

1.04 (0.84,1.29)

NQ: 10.4 ug/m3 increase (annual average)

1.04(0.85,1.28)

PHts: 3.2 ug/m9 increase (annual average)

0.98(0.76,1.24)

2.2e Healthcare Utilization
Study

Sample Size

Delfino 2009

1,102

Pollutants)

Outcome Definition

RR

NOx: 4ppb increase

repeated hospital encounters

1.09(0.98,1.21)

Table 2.3 Summary studies rated "good," organized by exposure

Exposure

Total Incidence Health Care
Use

Symptoms/
Severity

Lung
Function

NO2 (or NOx)
EC
PM
Traffic
Distance to
roadways

7
3
6
2

3 of 4
Oof 1
1 of 2
1 of 1

0 of 1 (NOx)
N/A
N/A
N/A

2 of 3
2 of 3
3 of 5
0 of 1

Oof 1
Oof 1
Oof 1
Oof 1

1

N/A

N/A

1 of 1

Oof 1
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Chapter 3
Ambient school N02 and asthma severity
3.1

Introduction

Epidemiologic studies have found associations between air pollution and many
asthma

related outcomes, including lung function decline

(8),

asthma

exacerbations (9), work/school absenteeism (4, 10) and increased use of rescue
medications. Research has revealed that reducing air pollution levels can lead to
reductions in health care use for asthma, resulting in quality of life improvements
for asthmatic patients (11). The relationship between air pollution and asthma
specifically in children, however, needs further exploration.

Nitrogen dioxide

(NO2) is a major gaseous air pollutant that generally is related to combustion

processes and has been associated with adverse respiratory health effects in
children (15, 80, 81, 82, 83, 84). The major source of NO2 outdoors in urban
environments is traffic and outdoor ambient NO2 often is considered a marker for
traffic-related pollution. Importantly, N02 has been found as a contaminant in
indoor air as well.

While many studies have focused on residential exposures to NO2 and other air
pollutants (4, 72, 74-81, 83-88), school is another location where children and
adolescents spend considerable amounts of time.

Studies have shown that

schools can be a source of exposure to a variety of pollutants, including molds,
allergens, particles, gases, volatile organic compounds and formaldehyde.
These exposures have been related to asthma exacerbations and allergic
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reactions in sensitized children (91). In a study of schools in Australia, children in
schools assigned to replace unvented gas heaters in order to reduce N02
exposure experienced fewer asthma symptoms than children in the control
schools where unvented heaters were not replaced (92). Indoor air at schools
also can be contaminated by outdoor ambient and traffic-related pollutants.
Therefore, children potentially are exposed to air pollution at school in multiple
ways, including during time spent indoors and during outside activities like
arrival/dismissal and recess (91). Idling school buses are a major source of
outdoor air pollution near schools (19).

Seemingly inconsistent results in the literature concerning the relationship of
outdoor NO2 and asthma severity at the school level may be reconciled by citing
characteristics specific to ambient NO2 monitoring. Some studies have used NO2
levels from regional ambient air quality monitors to investigate the association
between community-level exposures and asthma severity (17).

However, in

urban areas, the N02 levels are affected by small-scale spatial variations which
need to be taken into account (93) and levels of NO2 from background ambient
monitors may not capture high peak levels of NO2 that occur locally during
morning rush hours (when children are traveling to school). Other studies have
used regional air monitors to estimate school exposures (94), a technique that
still does not capture the full extent of spatial variations. The effects of schoolrelated pollution levels on the health of children need further assessment. This
study sought to address this gap in the literature by investigating the association
between NO2 levels outside of schools and asthma severity in elementary school

children in Connecticut and Massachusetts using a statistical model based on
multiple spatially distributed exposure measurements.

3.2

Methods

3.2.1 Study population
The population for this study included participants in the Study of Traffic, Air
Quality and Respiratory Health (STAR). The STAR (95) was a study that aimed
to investigate the contributions of home NO2 (both indoor and outdoor), traffic
and allergen exposures to asthma severity in children. A total of 1,401 asthmatic
elementary school children was recruited to participate and each child was
followed for one-year; asthma symptoms, medication use, health care utilization
and indoor and outdoor home N02 levels were monitored seasonally.
Participation consisted of an initial home visit with interview, four periods during
which symptoms data were collected on a daily basis (daily monitoring periods;
coincided with N02 measurements), four periods during which symptoms were
collected by month (non-daily monitoring periods), and an exit interview.
Children who participated in the STAR were recruited from 69 towns (60 in CT
and 9 in MA) from April 2006-July 2008 (Figure 3.1).

Children in elementary school were targeted for the STAR because obtaining
accurate asthma diagnoses in younger children is difficult (26). While physician's
diagnosis of asthma is the gold-standard for assessing asthma prevalence, it has
been shown that many children with asthma may be missed using this as the
sole criterion for study participation (96-99). For this reason, inclusion in the

STAR required 2 of the following: physician's diagnosis of asthma, any asthma
symptom (wheeze, shortness of breath, chest tightness or persistent cough)
within the 12 months preceding screening and use of a prescribed asthma
medication within the 12 months preceding screening.

Interviews were

administered to parents during the initial home visit that elicited information on
the child's medical history, family asthma and allergy history, socio-demographic
characteristics and potential exposures. Subsequent interviews were conducted
by phone and occurred up to 8 times during follow-up (9 interviews in total). A
detailed history of homes lived in and schools attended during the study period
was collected throughout the study and updated during the exit interview.

Children in the STAR for whom school address history information was available
(those who completed an exit interview) were eligible for health effects analyses
of estimated ambient NO2 exposures at school.

3.2.2 Outcome measures
All asthma outcomes were measured using data collected from parental
questionnaires. During the month-long NO2 sampling periods, data for asthmarelated health outcomes were collected on a daily basis; during all other time
periods, outcomes data were aggregated by month. Asthma symptoms were
assessed by gathering detailed information on the frequency and duration of
wheeze, persistent cough, shortness of breath and chest tightness. Outcomes
were assessed at each monitoring interview, which occurred seasonally, over the
time period since the previous interview. Timing (which months) and duration
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(days per month) of symptoms were reported. Parents also were asked to report
nocturnal symptoms, days of school missed due to asthma and degree of activity
limitations due to asthma.

Asthma medication use was assessed by asking

yes/no questions about medications used to treat asthma, including short-acting
agonists, long-acting 02 agonists, inhaled steroids, oral steroids, theophylline,
cromones and/or leukotriene inhibitors. Form of medication, timing and duration
of use also were requested.

A measure of asthma severity has been developed by the Global Initiative for
Asthma (GINA) (100), which incorporates symptoms, medication use and lung
function. A modified GINA score was used for the STAR because lung function
measurements were not taken. Using the data collected on asthma outcomes,
an asthma severity score (Figure 3.2) was determined for each child in the STAR
for each of up to 8 monitoring periods (4 daily and 4 non-daily). Scores for daily
monitoring periods were calculated using daily symptoms and medication use
data, while scores for non-daily monitoring periods were calculated using data
aggregated by month.

All monitoring period asthma severity scores were

standardized to 28 days.

Outcomes considered for school exposure analyses included asthma severity
score and days of missed school. Standardized (28-day) asthma severity score
was a 5-level categorical variable ranging from 0 (no symptoms or medication
use) to 4 (severe persistent asthma). A binary "days of missed school" variable
was created to account for different monitoring period lengths by considering the
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number of missed days per two-week interval as > 1 day vs. < 1 day every two
weeks. Both asthma severity score and missed days of school were determined
for each monitoring period that occurred during a school year (from September 1
- June 30). Monitoring periods that were longer than 90 days were excluded
from analyses to reduce heterogeneity in the length of time over which outcomes
data were collected.

3.2.3 Exposure measures
Residential N02 sampling was conducted inside and outside of the study homes,
once per season. During the initial home interview, three Palmes' tubes (101),
an inexpensive, passive method of monitoring integrated NO2 levels, were placed
in 1) the room in the home where the child spent the most time; 2) the child's
bedroom; and 3) outside the home near the back door. The Palmes' tubes were
left in place for one month and NO2 sampling was repeated up to 4 times during
follow-up.

A statistical model was created during STAR analysis that

incorporated these home measurements along with residential traffic density,
distance and direction from each home to roadways, local land use, elevation,
population density, prevailing wind during the entire study period and season of
sampling to estimate NO2 levels at locations where measurements were not
taken (102). Ambient N02 levels outside of schools were estimated using this
model and daily estimates of school N02 exposure were averaged to match
health outcome monitoring periods for each subject.
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Full details of the process used to assess the validity of this residential model for
school exposures are included in Appendix A. Briefly, Palmes' tubes were used
to measure outdoor NO2 levels during the winter, spring and fall of 2010 at a subsample (N=29) of the schools where STAR participants were enrolled. The
measured concentrations, which were collected and integrated over a 4-5 week
period in each season, were compared with an average of the modeled daily
exposure estimates over the corresponding time period for each school.
Regression analyses were conducted to determine relationships between the
modeled and measured N02 levels and revealed a tendency for the model to
overestimate N02 levels at schools with low or moderate measured exposures
and to underestimate NO2 levels at schools with high measured exposures.
Using the modeled estimates for health analysis, this tendency would cause
observed differences in asthma outcomes by school exposure to underestimate
the true association between school NO2 levels and asthma severity. The model
performed well enough to estimate the order of magnitude of the school N02
exposures and quintiles of the distribution of estimated school NO2 were used as
the exposure variables in final analyses.

Analytical methods
Using SAS version 9.2 (103), associations between school exposures and 5-level
asthma severity score were assessed in cumulative logistic regression analyses,
while those between school exposures and days of missed school (binary
variable) were assessed with logistic regression. The linear predictor for each
model included a school exposure variable and multiple covariates, including
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demographic characteristics, additional exposures and socioeconomic factors. A
random term for subject was added to account for small differences between
observations within individual children and was assumed to be normally
distributed with unknown variance. This hierarchical approach permitted analysis
of repeated measures (up to 7 per participant) of exposures and outcomes, and
permitted consideration of between-subject variations in the context of the
relative homogeneity in within-subject observations.

School NO2 exposure

initially was assessed as a continuous variable and quintiles of exposure were
introduced as a categorical variable in final models.

Analyses were adjusted for child's age, gender, race/ethnicity and atopic status,
mother's education, smoking in the home and annual averages for both indoor
and outdoor home NO2 levels. Each of these covariates entered the model as a
one-time measurement applicable to the entire study period. In order to account
for additional traffic-related exposures at school not accounted for by the
residential model used to estimate school exposures, a covariate describing the
number of school buses arriving during the morning at each of the participants'
schools was included in final analyses. This covariate could vary by monitoring
period if a child attended more than one school during the study.

3.3

Results

3.3.1 Population characteristics
Of the 1,401 STAR participants, 1,160 (95%) attended schools during follow-up
that were within Connecticut or Massachusetts and had addresses that could be
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geo-coded. (Figure 3.3).

The final estimated school NO2 exposure analysis

included data from 1,087 (89%) of the eligible STAR participants who had no
missing information for any of the exposure, outcome or covariate variables.
These children had a mean age of 7.4 years (range 4-11), contributed an
average of 3 daily monitoring periods and 2 non-daily monitoring periods to the
analysis, were majority male, non-Hispanic White or Asian, had annual mean
home N02 exposures (indoor and outdoor) of approximately 10 ppb and mean
asthma severity score during the first reported monitoring period of 3. In order to
determine bivariate associations between selected covariates and school NO2
levels, school-year average NO2 estimates were calculated from the monitoring
period modeled exposures; school-year average asthma severity also was
calculated from monitoring period scores and these values were rounded up to
the next integer.

Bivariate associations between covariates and school-year

school N02 exposure levels differed significantly by race/ethnicity, mother's
education, atopic status, smoking in the home and levels of home N02, while
associations with school-year asthma severity score differed significantly by age,
race/ethnicity and mother's education (see Tables A.4 and A.5 in Appendix A).

A total of 5,460 monitoring periods (observations) were included in the school
exposure analysis for 1,087 STAR participants. The monitoring period was the
unit of analysis in final models. Observations included in final analyses did not
differ greatly by age, but exhibited a slight male predominance and came mainly
from non-Hispanic White or Asian and Hispanic respondents.

Most of the

included observations were from children whose mothers had 12-15 years of
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education and who did not report smoking in the home. In addition, there was
little difference in outdoor home N02 levels (above or below 10ppb), while most
of the observations came from children with indoor home NO2 levels above 6ppb.
Tables 3.1 and 3.2 display the distributions of observations by monitoring period
school N02 (Table 3.1) and monitoring period asthma severity score (Table 3.2)
for the covariates included in bivariate school-year analyses.

3.3.2 Health effects analyses
Initial repeated measures, cumulative logistic regression analysis revealed a
slight, though non-significant, dose-response relationship between school NO2
exposure and asthma severity score; those in higher quintiles of school exposure
were more likely to have higher asthma severity scores than those in the lowest
quintile. This relationship increased in magnitude as covariates were added to
address confounding, but never reached statistical significance (Table 3.3,
models 1-3).

There seemed to be a threshold in school exposure levels of

approximately 10 ppb, the upper limit of the second quintile, above which the risk
of more severe asthma began to increase. Therefore, in subsequent models (i.e.
Table 3.3, model 4), participants in each of the three highest quintiles of school
exposure were compared to a combination of those in the lowest two quintiles.

In order to assess important covariates as effect modifiers, 9 separate models
were run that included a main effect for school exposure, a covariate main effect
and an interaction term representing the product of the covariate and school
exposure main effects for each of the following covariates: child's age, child's
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gender, child's race/ethnicity, mother's education, child's atopic status, smoking
in the home, number of morning buses at school, annual average home outdoor
NO2 above or below 10 ppb and annual average indoor home NO2 above or
below 6 ppb. Previous analysis of the full STAR cohort revealed an indoor home
NO2 level of 6 ppb as the threshold above which adverse asthma outcomes were
observed (104), leading to the choice of 6 ppb as the cutoff for indoor home N02
dichotomization; outdoor home NO2 was dichotomized based on the population
mean. Out of the 9 potential effect modifiers assessed, only outdoor home NO2
above or below 10 ppb and indoor home N02 above or below 6 ppb had
significant interactions with school exposure (Table 3.4).

The statistical

significance of the interaction term for indoor home threshold of 6 ppb and school
exposure (p=.0034) indicated that the indoor home NO2 level was modifying the
association between school NO2 exposure and asthma severity score.
Therefore, analyses were conducted using indoor home NO2 exposure above or
below 6 ppb as the stratification variable.

In these stratified analyses, the

continuous variable for indoor home N02 was maintained as an adjustment factor
to account for differences in absolute exposure level within each group. Outdoor
home NO2 was not used for stratification due to the relatively high correlation
between indoor home NO2 levels above or below 6 ppb and outdoor home NO2
levels above or below 10 ppb (r = .414).

There were 677 children (3,286

observations) with indoor home NO2 levels above 6 ppb and 410 children (2,174
observations) with indoor home NO2 levels at or below 6 ppb. These groups
differed significantly by age, race/ethnicity, mother's education, smoking in the
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home, mean home N02 levels, both indoor and outdoor, and total number of
morning school buses at their school above and below the median (6 buses)
(Table 3.5).

Among children with home indoor NO2 exposures above 6 ppb, those with
outdoor school NO2 exposures above 13.2 ppb (highest quintile) were 1.31 times
as likely (95% CI 1.02, 1.69) to have a one-level increase in asthma severity
score as those with outdoor school N02 exposures at or below 10.2 ppb (lowest
two quintiles combined). Among children with home indoor NO2 exposures at or
below 6 ppb, there was no significant association between school NO2 exposure
and asthma severity (Table 3.6).

The full cohort model assessing the association between outdoor school N02
exposure and number of missed school days (above or below one day every two
weeks during a monitoring period) revealed a similar dose-response trend as
seen in the model for asthma severity score before stratification, with none of the
individual quintiles of school NO2 exposure reaching statistical significance (Table
3.7). None of the covariates were found to be effect modifiers in the association
between school NO2 exposure and days of missed school (data not shown).

3.4

Discussion

This study found a significant association between asthma severity and
estimated ambient NO2 exposure at school in a cohort of children in Connecticut
and Massachusetts. Children with home indoor NO2 exposures above 6 ppb and
school outdoor NO2 exposures above 13.2 ppb had a 31% higher risk of an
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increase in asthma severity score of one level when compared to children in the
same indoor exposure group with school exposures less than or equal to 10.2
ppb; there was no association found between school NO2 and asthma severity
for children with indoor home exposures at or below 6 ppb. This increased risk
has been observed at N02 levels well below the current Environmental
Protection Agency's National Ambient Air Quality Standard (EPA NAAQS) of 53
ppb for annual average NO2 (105), indicating that this standard may not be
sufficiently protective for sensitive subgroups of the population.

This is of

particular concern for minority children from lower socioeconomic backgrounds
who have high-risk profiles for many adverse health outcomes including asthma
and tend to live in relatively high exposure areas.

The results of the current study agree with those in the literature assessing
traffic-related pollution exposure at school and allergic and asthma outcomes in
children (7, 16, 62, 82, 94, 106-108). Though the authors acknowledge some
limitations, the current study benefited from a number of strengths in comparison
with previous investigations.

The large and diverse sample of over 1,000

children provided statistical power that allowed even small effects to be
observed, unlike in other studies (62, 106). The longitudinal design of this study,
assessing school exposures that corresponded temporally with asthma outcomes
reporting, eliminated the risk of recall bias by participants and their parents, a
potential issue in other studies with non-longitudinal designs (7, 16, 106, 108). In
addition, the exclusion of non-asthmatic "controls" allowed concentration on the
effects of exposure on severity of asthma among affected children.
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This study focused on school exposures to a single pollutant. The use of a
validated statistical model that was based on multiple residential NO2
measurements to estimate school exposures provided an exposure assessment
that was objective, rather than one that relied on self-reports of traffic-related
pollution exposure (7, 106, 108), and accounted for spatial variations in NO2
levels, unlike methods using fewer, more centralized measurement sites (107).
Adjustment for multiple potential confounders, including season, sociodemographic characteristics and school-specific parameters, added to the utility
of this model.

The composite asthma severity score used as the primary outcome in this study
reduced the error introduced by considering symptoms without accounting for
medication use (106, 108). While it can be argued that the use of an objective
measure of asthma outcomes would have been more accurate, the superiority of
lung function measurements over symptoms and medication reporting in
assessing asthma severity and/or control remains controversial (29, 109-112). A
secondary aim of this study was to assess effects of school NO2 exposure on
quality of life measures like missed school; this study did not find an association
between NO2 and missed school days, consistent with the research of others
(10).

A cumulative NO2 exposure may have been a more useful tool in assessing the
effects of NO2 exposure on asthma severity.

However, the way in which

exposure information was collected for the current study precluded such an

approach.

This study was designed to answer the question, "Does outdoor

school NO2 exposure pose additional risk for increasing asthma severity after
taking into account home exposures?" The differences in exposure assessment
between residential NO2 levels (measured) and school NO2 levels (modeled)
made creation of a valid composite exposure difficult.

In addition, a

comprehensive measurement combining home indoor, home outdoor and school
outdoor NO2 measurements would not account for the possibility that effects
seen with outdoor NO2 may, in fact, represent exposure to a more complex
pollution mixture (80).

Despite the differences cited above, recent studies consistently have reported an
association between traffic-related pollution at school and asthma and/or allergy
outcomes in children. McConnell and colleagues conducted a cohort study of
over 2,000 schoolchildren in California, which used dispersion modeling to
assess traffic-related pollution exposure at schools and its relationship with
asthma outcomes (82). Theirs is the only longitudinal cohort study identified to
assess school exposures and asthma outcomes and they reported independent
associations between asthma incidence and estimated traffic-related pollution
exposure near schools (HR 1.45, 95% CI 1.03-2.06) and near homes (HR 1.46,
95%CI 1.16-1.84).

Analyses of the STAR data also identified increased risk of worse asthma
outcomes for children with the highest quintile of school NO2 exposures. Two
distinct subsets of children were identified when the population was stratified by
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indoor home NO2 exposure, providing further detail of the association between
school NO2 exposure and asthma severity.

The current study found that the

independent association between asthma severity and ambient NO2 exposures
at school was statistically significant only for children with indoor home NO2
exposures above 6 ppb.

In STAR, this group of children consisted of more

minority children in lower socioeconomic status households compared to children
with indoor home exposures at or below 6 ppb. These children also had higher
estimated ambient school NO2 exposures, on average: 11.42 ppb compared to
10.04 ppb. While an argument could be made that significant results may have
been limited to this subgroup due to high correlations between indoor NO2 levels
and socioeconomic factors, many of the known socioeconomic confounders were
adjusted for in this analysis. In this high-risk group of children with indoor home
exposures above the threshold associated with adverse asthma outcomes in the
full STAR cohort (6 ppb), high ambient N02 exposures at school posed a
disproportionate increased risk. Also of note, adverse effects were identified for
children with estimated school exposures above 13.2 ppb, well below the EPA
annual ambient standard for NO2 of 53 ppb.

This study found a statistically significantly increased risk of worse asthma
severity from ambient N02 exposures at school for children with indoor home
NO2 exposures above 6 ppb. These children were more likely to be self-reported
minorities with relatively low socioeconomic profiles. It is true that NO2 levels
simply may be a proxy or marker for a more complex exposure, such as the
complicated mixture of chemicals released in vehicle exhaust (80, 113, 114).
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Despite this fact, higher average ambient school NO2 exposures among the
subgroup of children identified here may indicate the need for an evaluation of
school locations within minority communities in particular and consideration of
locating schools in all communities as far as possible away from high-traffic,
high-exposure areas for the benefit of asthmatic children and the pediatric
population as a whole.

3.5

Figures and tables

Legend
ft Enrolled

•tr 1-5

* 7-19
* 20-35
* 37-66

*

Figure 3.1. STAR enrollment (by town)
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67-136

Asthma
Severity
Score

Severity
Class

Symptom Frequency*

Medication Use

0

None

No symptoms

No medication use

1

Mild
Symptoms 1-7 days per
Intermittent month OR nocturnal
symptoms fewer than 2
nights per month

Rescue medication**
used as necessary
No daily controller
medication*** needed

2

Mild
Persistent

Symptoms more than 7
days but less than every
day per month OR
nocturnal symptoms 2-7
nights per month

Rescue medication
used as necessary
AND/OR use of one
controller medication
per month

3

Moderate
Persistent

Symptoms daily AND
Rescue medication
nocturnal symptoms fewer used as necessary
than 14 nights per month AND/OR use of two
controller medications
per month

4

Severe
Persistent

Rescue medication
Symptoms daily AND
nocturnal symptoms more used as necessary
than 14 nights per month AND/OR use of three or
more controller
medications per month

* Symptom days are counted as any day where at least one of the following
four symptoms occur: wheeze, persistent cough, chest tightness, shortness of
breath.
** Rescue medication refers to short-acting f^-agonists.
*** Controller medications include systemic steroids, inhaled steroids, longacting (^-agonists, anticholinergics, leukotriene inhibitors, cromones and
xanthine derivatives (i.e. theophylline).

Figure 3.2. Asthma severity score descriptions
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1,401 children
enrolled in STAR
1,221 children with
complete exit
interview (including
school history)
1,160 children with
estimable school
exposure
1,087 children with no
missing information

180 children with
incomplete/missing
school history

61 children for whom
school estimate could
not be calculated

73 children some
missing information

Figure 3.3. Population flowchart for the estimated school N02 health effects
model
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Table 3.1. Distribution of observations by school-year outdoor level of
nitrogen dioxide (NOrf at schools, demographic characteristics, atopy and
home exposures to air pollution for 1,087 asthmatic children, CT and MA,
2006-2009

Characteristic
Total
Age (years)

Observations
N (%")

School Exposure (ppb)b
8.6- 10.3- 11.713.2 > 13.2
£8.5 10.2 11.6
%'
19

%a
20.4

2822 (51.7)
2638 (48.3)

20.3
18.4

3253 (59.6)
2207 (40.4)

20.4

%'
20.5

%a
19.3

20.6
20.2

20.3
20.5

20.2
20.9

18.6
20.1

19.9
18.6

20.6
20.1

20.7
19.9

20.5
20.5

18.3
20.9

2480 (45.4)
936(17.1)
1766(32.3)
278 (5.1)

26.9
13.4
12.0
19.4

24.0
15.9
18.1
18.4

21.6
18.9
19.8
18.7

18.0
22.5
23.3
18.7

9.5
29.3
27.0
24.8

793 (14.5)
2867 (52.5)
1800 (33.0)

12.6
15.9
27.9

16.1
18.7
25.0

19.6
20.9
19.9

20.6
23.1
16.4

31.2
21.5
10.7

1806 (33.1)
3654 (66.9)

17.4
20.3

20.0
20.6

20.4
20.4

21.2
20.2

20.9
18.5

4757 (87.1)
703 (12.9)

20.1
14.5

21.0
16.5

20.6
18.9

20.4
21.3

17.9
28.7

2946 (54.0)
2514 (46.0)

28.1
9.1

24.7
15.3

21.3
19.3

16.8
24.9

9.1
31.3

No
2174(39.8) 27.9 24.1 20.2
16.8
3286 (60.2) 13.7 17.9 20.5
Yes
23.0
a Percentages may not sum to 100% due to rounding.
b Category bounds based on quintiles of school N0 exposure.
2
0 allergy test positive to one of 10 allergens or total IgE above age-based norm
d 10 ppb = mean outdoor home N0
2
6 6 ppb = lowest indoor N0 level found to be associated with asthma severity.
2

11.0
24.8

4-7
8-11

5460

%"

Gender
Male
Female

Race/Ethnicity
Non-Hispanic White or Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

Mother's Education (years)
<12
12-15
>15

Atopic0
No
Yes

Smoking in the home
No
Yes

Outdoor Home N02 >10 ppbd
No
Yes

Indoor Home N02 >6 ppb*
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Table 3.2. Distribution of observations by school-year asthma severity,
demographic characteristics, atopy and home exposures to air pollution for
1,087 asthmatic children, CT and MA, 2006-2009

Characteristic
Total
Age (years)
4-7
8-11

Observations
N (%a)

Monitoring Period Asthma
Severity Score
3
0
1
2

4

%'

%'

%"

%*

%a

5460

22.0

12.0

23.2

26.3

16.9

2822 (51.7)
2638 (48.3)

23.0
19.9

10.7
13.5

22.1
24.5

25.7
26.9

18.5
15.2

3253 (59.6)
2207 (40.4)

21.3
21.9

11.9
12.2

23.1
23.5

26.6
25.9

17.2
16.5

2480 (45.4)
936(17.1)
1766 (32.3)
278 (5.1)

20.8
23.8
22.3
15.8

10.3
16.0
13.4
5.8

23.8
24.7
21.2
26.3

28.4
21.7
24.6
33.5

16.7
13.8
18.5
18.7

793 (14.5)
2867 (52.5)
1800 (33.0)

22.2
22.5
19.7

13.1
13.0
10.1

21.8
23.0
24.2

22.5
24.8
30.3

20.4
16.7
15.7

1806 (33.1)
3654 (66.9)

24.8
20.0

12.0
12.0

21.6
24.1

24.4
27.2

17.3
16.7

4757 (87.1)
703(12.9)

21.3
22.9

11.4
16.6

23.1
23.9

26.6
24.3

17.6
12.2

2946 (54.0)
2514 (46.0)

21.2
21.9

11.9
12.3

22.9
23.7

27.0
25.5

17.1
16.7

2174(39.8)
3286 (60.2)

21.4
21.6

11.1
12.6

23.4
23.1

26.4
26.2

17.6
16.4

Gender
Male
Female

Race/Ethnicity
Non-Hispanic White or Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

Mother's Education (yrs)
<12
12-15
>15

Atopicb
No
Yes

Smoking in the home
No
Yes

Outdoor Home N02 >10 ppbc
No
Yes

Indoor Home N02 >6 ppbd
No
Yes
a

Percentages may not sum to 100% due to rounding.

b

allergy test positive to one of 10 allergens or total IgE above age-based norm

c10
d

ppb = mean outdoor home N02
6 ppb = lowest indoor N02 level found to be associated with asthma severity.

43

Table 3.3. Cumulative logistic regression models of school N02 exposure
and asthma severity score (N=1,087)

School
Exposure
(PPb)

Model 1"

Model 2"

Model 3b

Model 4d

£8.5 (ref)
1.00
1.00
1.00
1.00
>8.5-10.2
.87 (.81, 1.16)
.96 (.80, 1.15) .96 (.81,1.16)
>10.2-11.6
.95 (.80, 1.12)
.95 (.80, 1.13) .96 (.81,1.13) .97 (.83, 1.14)
>11.6-13.2
1.05 (.88, 1.25) 1.05 (.88, 1.26) 1.06 (.89, 1.27) 1.08 (.91, 1.28)
>13.2
1.06 (.86, 1.31) 1.07 (.87, 1.32) 1.09 (.88,1.35) 1.10 (.90, 1.35)
a Model 1: unadjusted (asthma severity score = intercept + school exposure)
b Model 2: adjusted for morning school bus number
c Model 3: full model, adjusted for age, gender, race/ethnicity, atopic status,
mother's education, smoking in the home, home indoor and outdoor NO2
d Model 4: full model, quintiles 1 and 2 combined
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Table 3.4. Evaluation of interaction terms for covariates as effect modifying
factors for school N02

Covariates
Age
School ppb (continuous)
Age*School

Gender
School ppb (continuous)
Gender*school

Race/Ethnicity
School ppb (continuous)
Race*school

Mother's Education
School ppb (continuous)
Education*school

Atopy
School ppb (continuous)
Atopy*school

Smoking
School ppb (continuous)
Smoking*school

Bus (> 6 vs.< 6)
School ppb (continuous)
Bus*school

Home outdoor N02 (> 10 vs. < 10 ppb)
School ppb (continuous)
Home out*school
Home out > 10 ppb*school

Home Indoor N02 (> 6 vs. < 6 ppb)
School ppb (continuous)
Home in*school
Home in > 6 ppb*school
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Parameter

Standard
Error

p-value

0.0320
0.0167
-0.0063
-0.0720
0.0109
0.0019
0.0655
0.0214
-0.0044
0.2166
0.0424
-0.0124
0.0037
0.0043
0.0144
-0.4878
0.0138
0.0101
-0.0780
0.0062
0.0167
-0.7325
-0.0122
0.0592
0.0470
-0.9861
-0.0383
0.0878
0.0495

0.3320
0.0202
0.0283
0.3386
0.0430
0.0288
0.1695
0.0321
0.0145
0.2480
0.0484
0.0212
0.3575
0.0249
0.0303
0.5045
0.0153
0.0412
0.3394
0.0217
0.0291
0.3458
0.0200
0.0292
0.0213
0.3358
0.0227
0.0293
0.0186

0.9231
0.4076
0.8255
0.8316
0.8003
0.9464
0.6992
0.5049
0.7640
0.3828
0.3810
0.5576
0.9918
0.8645
0.6341
0.3338
0.3670
0.8064
0.8182
0.7737
0.5670

0.0344
0.5420

0.0428
0.0273
0.0034
0.0921

0.0028
0.0078

Table 3.5. Associations between home indoor NO2 level, demographic
characteristics, atopy and home exposures to air pollution for 1,087
asthmatic children, CT and MA, 2006-2009 (stratified analysis)

Indoor Home N02
> 6 ppb
£ 6 ppb
N (%a)
N (%•)

Characteristic
Total
Age

410(37.7)

4-7
8-11

237 (57.8)
173(42.2)

325 (48.0)
352 (52.0)

250 (61.0)
160 (39.0)

393 (58.1)
284(41.9)

269 (65.6)
42(10.2)
84 (20.5)
15(3.7)

197 (29.1)
146 (21.6)
296 (43.7)
38 (5.6)

p-valueb

677 (62.3)

0.0017

Gender

0.3416

Male
Female

<0.0001

Race/Ethnicity
Non-Hispanic White or Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

<0.0001

Mother's Education (years)
<12
12-15
>15

23 (5.6)
181 (44.2)
206 (50.2)

140 (20.7)
403 (59.5)
134(19.8)

Atopic6

0.5358

No
Yes

133 (32.4)
277 (67.6)

232 (34.3)
445 (65.7)

383 (93.4)
27 (6.6)

559 (82.6)
118(17.4)

<0.0001

Smoking in the home
No
Yes

Outdoor Home N02 Above 10 ppbd

<0.0001

No
Yes

325 (79.3)
85 (20.7)

Total AM School Buses > 6e

243 (35.9)
434 (64.1)

<0.0001

No
Yes

150 (36.6)
367 (54.2)
260 (63.4)
310 (45.8)
Annual Mean N02 Outside the Home
8.2 ± 2.27
11.17 ± 2.91
<0.0001
Annual Mean N02 Inside the Home
13.88 ±8.25
4.17 ± 1.12
<0.0001
a Percentages may not sum to 100% due to rounding.
b P-value is for x2 test.
c allergy test positive to one of 10 allergens or total IgE above age-based norm
d 10 ppb = mean outdoor N0 exposure.
2
6 6 = median number of buses
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Table 3.6. Association between outdoor school NO 2 exposure (ppb) and
monitoring period asthma severity score, stratified by level of home indoor
NO2 exposure* (N=1,087)
Level of home indoor NO2 Exposure > 6 ppb
School Exposure (ppb)
<10.2 (reference)
>10.2-11.6
>11.6-13.2
>13.2

Odds Ratio (95% CI)
1.00
1.01 (.82, 1.24)
1.18 (.95, 1.46)

1.31 (1.02,1.69)

Level of home indoor NO2 exposure < 6 ppb
School Exposure (ppb)
Odds Ratio (95% CI)
<10.2 (reference)
1.00
>10.2-11.6
0.94 (.74, 1.20)
>11.6-13.2
0.95 (.72, 1.26)
>13.2
0.75 (.52, 1.09)
a Model adjusted for child's age, child's
gender, child's race/ethnicity, child's atopic
status, mother's education, smoking in the
home, residential indoor and outdoor NO2 and
number of buses at school each morning

Table 3.7. Association between outdoor school NO2 exposure (ppb) and
days of missed school during a monitoring period (<1 every two weeks vs.
> 1 every two weeks)* (N-1,087)
School Exposure (ppb)
Odds Ratio (95% CI)
<10.2 (reference)
1.00
>10.2-11.6
1.15 (.81,1.62)
>11.6-13.2
1.27 (.89,1.81)
>13.2
1.38 (.94, 2.04)
a Model adjusted for chi d's age, child's gender,
child's race/ethnicity, child's atopic status,
mother's education, smoking in the home,
residential indoor and outdoor NO2 and number
of buses at school each morning
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Chapter 4
School-related transportation and asthma severity
4.1

Introduction

There is a growing literature assessing the effects of traffic-related school
exposures on respiratory health outcomes in children (7, 16, 62, 82, 94, 106108). One potential source of outdoor exposure to traffic-related pollutants at
schools (including NO2) is the school bus. Studies have shown an increase in
adverse health effects for individuals employed on diesel-fueled buses and
trucks. Though inconsistent, these studies raise the question of possible health
risks to children transported to and from school daily on diesel-powered school
buses (115).

The possibility of harmful exposures for children during travel to and from school
has been mentioned in the literature (116), but potential associations with health
outcomes have not been explored fully.

These buses present a source of

exposure not only for the children transported on them, but also for children who
may be outside of the school buildings when the buses are present and those in
classrooms near street level when windows are open (19).

It is necessary,

therefore, to investigate further the impact of exposure to diesel exhaust from
school buses on asthma-related health outcomes in children. If an association is
found, school districts may want to consider switching to cleaner-burning fuels
and improving the emissions profiles of their school bus fleets. In a recent report
on the Medford Township, NJ school district's switch to biodiesel fuels, lower

overall maintenance costs were found for biodiesel buses than for conventional
diesel buses. There were significant reductions in emissions on the biodieselfueled buses, including hydrocarbons, carbon monoxide, particulate matter and
nitrogen oxides (117). The effects of these reductions on health outcomes in the
children who ride the buses were not assessed, however. In a more recent study
(118), investigators took the next step to assess health effects of reductions in
school bus-related exposures, using hospital discharge records to determine
health outcomes; reported a reduction in adverse respiratory health outcomes
associated with bus retro-fitting.

This study sought to contribute to this growing field by assessing the impact of
NO2 exposures during transportation to and from school on asthma outcomes in
elementary school children in Connecticut and Massachusetts.

4.2

Methods

Study population and outcome measures were similar in this analysis to those
used in chapter 3 and their descriptions have been repeated below, with
additional information pertinent to the transportation analysis.

4.2.1 Study population
The population for this study included participants in the Study of Traffic, Air
Quality and Respiratory Health (STAR). The STAR (95) was a study that aimed
to investigate the contributions of home N02 (both indoor and outdoor), traffic
and allergen exposures to asthma severity in children. A total of 1,401 asthmatic
elementary school children was recruited to participate and each child was
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followed for one-year; asthma symptoms, medication use, health care utilization
and indoor and outdoor home NO2 levels were monitored seasonally. Follow-up
consisted of a home visit with interview, four periods during which symptoms
data were collected on a daily basis (daily monitoring periods; coincided with N02
measurements), four periods during which symptoms were collected by month
(non-daily monitoring periods), and an exit interview. Children who participated
in the STAR were recruited from 69 towns (60 in CT and 9 in MA) from April
2006-July 2008 (Figure 3.1).

Children in elementary school were targeted for the STAR because obtaining
accurate asthma diagnoses in younger children is difficult (26). While physician's
diagnosis of asthma is the gold-standard for assessing asthma prevalence, it has
been shown that many children with asthma may be missed using this as the
sole criterion for study participation (96-99).

For this reason, inclusion in the

STAR required 2 of the following: physician's diagnosis of asthma, any asthma
symptom (wheeze, shortness of breath, chest tightness or persistent cough)
within the 12 months preceding screening and use of an asthma medication
within the 12 months preceding screening.

Interviews were administered to

parents during the initial home visit that elicited information on the child's medical
history, family asthma and allergy history, socio-demographic characteristics and
potential exposures.

Subsequent interviews were conducted by phone and

occurred up to 8 times during follow-up (9 interviews in total). A detailed history
of homes lived in and schools attended during the study period was collected
throughout the study and updated during the exit interview. Information also was
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collected about transportation to/from schools. Parents were asked the mode
and length of time associated with their child's daily school-related transport.
Children in the STAR who had a complete school address history (those who
completed an exit interview) were eligible for health effects analyses of
transportation-related exposures.

4.2.2 Outcome measures
All asthma outcomes were measured using data collected from parental
questionnaires. During the month-long NO2 sampling periods, data for asthmarelated health outcomes were collected on a daily basis; during all other time
periods, outcomes data were aggregated by month.

Asthma symptoms were

assessed by gathering detailed information on the frequency and duration of
wheeze, persistent cough, shortness of breath and chest tightness.

For the

home interview, these symptoms were assessed during the previous 12 months;
at each monitoring interview, which occurred seasonally, the symptoms were
assessed over the time period since the last interview. Timing (which months)
and duration (days per month) of symptoms were reported. Parents also were
asked to report nocturnal symptoms, days of school missed due to asthma and
degree of activity limitations due to asthma.

Asthma medication use was

assessed by asking yes/no questions about medications used to treat asthma,
including short-acting (32 agonists, long-acting fc agonists, inhaled steroids, oral
steroids, theophylline, cromones and/or leukotriene inhibitors.
medication, timing and duration of use also were requested.
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Form of

A measure of asthma severity has been developed by the Global Initiative for
Asthma (GINA) (100), which incorporates symptoms, medication use and lung
function. A modified GINA score was used for the STAR because lung function
measurements were not taken. Using the data collected on asthma outcomes,
an asthma severity score (Figure 3.2) was determined for each child in the STAR
for each of up to 8 monitoring periods (4 daily and 4 non-daily). Scores for daily
monitoring periods were calculated using daily symptoms and medication use
data, while scores for non-daily monitoring periods were calculated using data
aggregated by month.

All monitoring period asthma severity scores were

standardized to 28 days.

Outcomes considered for school transportation-related analyses included asthma
severity score and days of missed school.

Standardized (28-day) asthma

severity score was a 5-level categorical variable ranging from 0 (no symptoms or
medication use) to 4 (severe persistent asthma).

A binary "days of missed

school" variable was created to account for different monitoring period lengths by
considering the number of missed days per two-week interval as > 1 day vs. < 1
day every two weeks. Both asthma severity score and missed days of school
were determined for each monitoring period that occurred during a school year
(from September 1 - June 30). Monitoring periods that were longer than 90 days
were excluded from analyses to reduce heterogeneity in the length of time over
which outcomes data were collected.
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4.2.3 Exposure measures
Transportation-related

exposure

data

were gathered

from

the parental

questionnaire. Parents were asked to report the mode of travel and length of
time associated with their child's daily school-related transport during STAR
follow-up.

Mode was categorized into bus (mode=1), car (mode=2), walk

(mode=3), bicycle (walk=4) or some combination of those modes (mode=5-8).
Length of commute was reported in minutes and for those with a combination of
modes a weighted average of time spent in each mode was calculated. For
analyses, mode was collapsed into a 4-level categorical variable (bus vs. car vs.
walk vs. other) and a binary "length of commute" variable was created around the
median length of time spent in travel to school (time <10 minutes vs. time >10
minutes).

4.2.4 Analytical methods
Statistical analyses for transportation exposures were similar to those for outdoor
school estimates. Using SAS version 9.2 (103), associations between school
exposures and 5-level asthma severity score were assessed in cumulative
logistic regression analyses, while those between school exposures and days of
missed school (binary variable) were assessed with logistic regression. The
linear predictor for each model included a school exposure variable and multiple
covariates, including demographic characteristics, additional exposures and
socioeconomic factors. A random term for subject was added to account for
small differences between observations within individual children and was
assumed to be normally distributed with unknown variance. This hierarchical
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approach permitted analysis of repeated measures (up to 7 per participant) of
exposures and outcomes, and permitted consideration of between-subject
variations in the context of the relative homogeneity in within-subject
observations.

Adjusted transport models included child's age, gender,

race/ethnicity and atopic status, mother's education, smoking in the home, home
town type and school town type. Town type was included as a proxy for different
levels of traffic exposure and was a categorical variable with three levels: urban
(<45% single family homes), suburban (45-59% single family homes) and rural
(2:60%

single family homes). Since home and school measured NO2 levels likely

are related to ambient levels in transit (unmeasured), home and school
measured NO2 levels were excluded from transit models in order to avoid overcontrolling.

4.3

Results

4.3.1 Population characteristics
Of the 1,221 STAR participants eligible for health effects analyses in this study,
1,164 had complete information for transportation-related variables (95.3% of
eligible).

1,138 (95.2% of eligible) had no missing exposure, outcome or

covariate information and were included in final analyses (Figure 4.1). Children
included in the final transportation analysis (N=1,138) had a mean age of 7.4
years (range 4-11) and contributed, on average, 3 daily monitoring periods and 2
non-daily monitoring periods to the analysis; average monitoring period length
was 34 days (range 21-89). 60% were male, 43% were non-Hispanic White or
Asian, 16% had mothers with less than 12 years of education, 33% were atopic
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and 87% lived in non-smoking homes. Their mean asthma severity score during
the first reported monitoring period was 3.

A total of 5,773 monitoring periods (observations) were included in the
transportation analysis for 1,138 STAR participants. The monitoring period was
the unit of analysis in final models. Tables 4.1-4.3 display the distributions of
observations by monitoring period mode to school (Table 4.1), monitoring period
length of travel to school (Table 4.2) and monitoring period asthma severity score
(Table 4.3) for the selected covariates. 47% of observations from children
included in transportation analyses were for bus riding and 62% had a commute
time of 10 minutes or less. The distributions of other factors were similar to those
in the school exposure analysis: non-Hispanic Whites, Asians and Hispanics
were the predominant races/ethnicities, most observations were from non
smoking homes and there were slightly more observations from males than from
females.

4.3.2 Health effects analyses
Time and mode of transportation to school were investigated as separate
exposures because these variables were inversely correlated (r = -0.3912).
Those with longer travel times (>10 minutes) were more likely to ride a bus and
were less likely to use a personal car or to walk to school; there was no
significant difference between groups for those who used other modes of
transportation (Table 4.4).
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In unadjusted analyses, neither taking the bus to school (bus vs. all other modes)
nor having a commute longer than 10 minutes was associated with asthma
severity score. To determine if any of the covariates were modifying the effect of
either exposure on asthma severity, an approach similar to that used in the
school NO2 exposure analysis was taken. Out of the 7 covariates investigated,
none were identified as effect modifiers for mode of transport (Table 4.5);
race/ethnicity was identified as an effect modifier for length of transport (Table
4.6). However, because race/ethnicity and home town type were significantly
negatively correlated (r=-.45990, p<.0001) results from analyses stratified on
race/ethnicity were difficult to interpret (data not shown) and race/ethnicity was
excluded from final models for both mode and time of transport. There were only
12 observations for which home town type and school town type did not match;
therefore, fully adjusted models included home town type (but not school town
type) as a covariate. Final adjusted models for both mode and time (Table 4.7)
revealed no significant association between either exposure and asthma severity
score.

Unadjusted and adjusted models assessing the associations between schoolrelated travel and days of missed school did not reach statistical significance
(Table 4.8). No covariates were identified as effect modifiers for either mode or
travel time (data not shown).
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4.4

Discussion

While no significant associations were found between school-related travel and
asthma severity in this study, results imply the need for further investigation of
this relationship to determine health effects of in-transit exposures.

There was no association found between asthma severity and length of time
spent or mode of transportation used in travel to school for the children in STAR.
In a recent study by McConnell and colleagues (119), a significant association
was found between severe wheeze and length of school commute among
asthmatic children in California.

While this result indicated increased risk of

severe wheeze with longer school commute time (OR 1.54 (1.01-2.36) among
children with severe wheeze per 9 minutes of commuting time), direct
comparison of their results to those in STAR are difficult. The California cohort
was mainly Hispanic (55.7%) and the range of exposures experienced by
children in Los Angeles (LA) is likely to be quite different from those experienced
by children in Connecticut and Massachusetts, based on differences in traffic
patterns, population density and background pollution levels; annual average
N02 levels in 2008 were 11 ppb in Connecticut, compared to 20 ppb in LA
(calculated from EPA AirData query) (120). In addition, the California analysis
was cross-sectional and did not account for changes in the association between
school commute time and wheeze during different times of the school year
(though seasonal differences in exposure may not be relevant in California).
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A study by Lee and colleagues (121) has investigated the effects of mode of
travel to school using degree of physical activity (i.e., sitting in vehicle or walking
to school) as an outcome variable. They reported increased physical activity
level for children who walk or bike to school, but these increased physical activity
levels were not further investigated in their study for the association with asthma
outcomes. Among a cohort of asthmatic children, Oreskovic and colleagues
(122) reported a small percentage of walkers (16%), but again did not quantify
the association between walking and asthma. No significant association was
found between walking to school and asthma severity in STAR, where 14% of
included participants reported walking to school (data not shown). The results of
these studies, taken together in context, identify the need for more complete
investigation of the contribution of in-transit exposures to asthma outcomes in
schoolchildren and evaluation of strategies to reduce exposures during schoolrelated travel.
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4.5

Figures and tables

1,401 children
enrolled in STAR

1,221 children with
complete exit
interview (including
school history)

1,164 children with

57 children for whom
school transportation
information is
incomplete

complete school
transportation
information

1,138 children with no
missing information

180 children with
incomplete/missing
school history

26 children some
missing information
(covariates and/or
outcomes)

Figure 4.1. Population flowchart for the school-related transportation health
effects model
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Table 4.1. Distribution of observations by mode of travel to school,
demographic characteristics, atopy and home exposures to air pollution for
1,138 asthmatic children, CT and MA, 2006-2009

Characteristic
Total
Age (years)
4-7
8-11
Gender

Observations
N(%)
5773

Bus

Mode to School
Car
Walk Other

%"

%a

47.2

38.3

12.8

1.7

2991 (51.8) 52.5
2782 (48.2) 47.5

51.8
48.2

47.7
52.2

64.6
35.4

3479 (60.3) 58.2
2294 (39.7) 41.8

61.4
38.6

62.1
37.9

79.2
20.8

Non-Hispanic White or Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

2616 (45.3) 52.8
1000(17.3) 16.0
1861 (32.2) 26.6
296(5.1) 4.6

43.0
15.3
35.8
5.9

22.0
29.4
44.0
5.6

64.6
9.4
19.8
6.2

Mother's Education (years)
<12
12-15
>15
Atopicb

810(14.0) 10.8
3025 (52.4) 48.2
1938 (33.6) 41.0

13.0
55.5
31.5

29.7
60.3
10.0

7.3
38.5
54.2

No
Yes

1908 (33.0) 33.2
3865 (67.0) 66.8

32.5
67.5

35.1
64.9

25.0
75.0

5035 (87.2) 86.6
738 (12.8) 13.4

90.7
9.3

78.0
22.0

94.8
5.2

2225 (38.5) 33.2
1484 (25.7) 20.8
2064 (35.8) 46.0

39.9
30.8
29.3

57.0
29.4
13.6

17.7
19.8
62.5

2218(38.4) 33.1
1479 (25.6) 20.6
2076 (36.0) 46.3

39.6
30.8
29.6

57.0
29.4
13.6

17.7
19.8
62.5

Male
Female

%"

%'

Race/Ethnicity

Smoking in the home
No
Yes

Home Region
Urban
Suburban
Rural

School Region
Urban
Suburban
Rural
a Percentages
b allergy

may riot sum to 100% due to rounding.
test positive to one of 10 allergens or total IgE above age-based norm
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Table 4.2. Distribution of observations by length of travel to school,
demographic characteristics, atopy and home exposures to air pollution for
1,138 asthmatic children, CT and MA, 2006-2009

Characteristic
Total
Age
4-7
8-11

Observations
N(%)

Time to School
S10 minutes > 10 minutes
%'

%"

5773

61.6

38.4

2991 (51.8)
2782 (48.2)

51.3
48.7

52.6
47.4

3479 (60.3)
2294 (39.7)

61.4
38.6

58.4
41.6

2616(45.3)
1000(17.3)
1861 (32.2)
296(5.1)

43.7
16.3
35.3
4.7

47.9
18.9
27.3
5.9

810(14.0)
3025 (52.4)
1938 (33.6)

14.3
55.5
30.2

16.7
47.4
38.9

1908 (33.0)
3865 (67.0)

33.3
66.7

32.6
67.4

5035 (87.2)
738(12.8)

87.8
12.2

86.2
13.8

2225 (38.5)
1484 (25.7)
2064 (35.8)

38.9
27.8
33.2

37.9
22.3
39.8

Gender
Male
Female

Race/Ethnicity
Non-Hispanic White or Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

Mother's Education (years)
<12
12-15
>15

Atopic"
No
Yes

Smoking in the home
No
Yes

Home Region
Urban
Suburban
Rural

School Region
38.9
Urban
2218(38.4)
37.6
27.8
Suburban
1479 (25.6)
22.1
Rural
2076 (36.0)
33.2
40.3
a Percentages may not sum to 100% due to rounding.
b allergy test positive to one of 10 allergens or total IgE above age-based norm
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Table 4.3. Distribution of observations by asthma severity during the
school year, demographic characteristics, atopy and home exposures to air
pollution for 1,138 asthmatic children, CT and MA, 2006-2009

Characteristic
Total
Age (years)
4-7
8-11

Observations
N (%)

Monitoring Period Asthma Severity
Score
0
1
3
4
2
%"

%"

%"

%"

%"

21.7

11.9

23.2

26.5

16.7

2991 (51.8)
2782 (48.2)

55.3
44.7

45.4
54.6

49.1
50.9

51.0
49.0

57.0
43.0

3479 (60.3)
2294 (39.7)

60.4
39.6

60.5
39.5

59.3
40.7

60.6
39.4

60.7
39.3

1000(17.3)
1861 (32.2)
296(5.1)

42.8
19.5
33.8
3.9

39.2
23.4
34.9
2.5

46.2
17.9
30.1
5.8

49.7
14.2
29.6
6.5

44.7
14.3
35.5
5.5

810(14.0)
3025 (52.4)
1938 (33.6)

14.9
55.0
30.1

15.4
55.7
28.9

13.2
51.8
35.0

11.7
49.4
38.9

16.7
52.3
31.0

1908 (33.0)
3865 (67.0)

37.8
62.2

32.9
67.1

30.5
69.5

31.1
68.9

33.6
66.4

5035 (87.2)
738 (12.8)

86.1
13.9

82.2
17.8

86.8
13.2

88.3
11.7

91.1
8.9

2225 (38.5)
1484 (25.7)
2064 (35.8)

41.6
23.8
34.6

47.5
20.9
31.6

36.4
26.2
37.4

34.8
27.0
38.2

37.0
29.0
34.0

5773

Gender
Male
Female

Race/Ethnicity
Non-Hispanic White or
Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

2616 (45.3)

Mother's Education
(years)
<12
12-15
>15

Atopic"
No
Yes

Smoking in the home
No
Yes

Home Region
Urban
Suburban
Rural

School Region
2218(38.4) 41.6 47.3
Urban
36.2
34.7
1479 (25.6) 23.5 20.6
Suburban
26.2
27.0
2076
(36.0)
Rural
34.9 32.1
37.6
38.3
a Category bounds based on quintiles of school N0 exposure
2
b allergy test positive to one of 10 allergens or total IgE above age-based norm
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37.0
29.0
34.0

Table 4.4 Associations between mode and length of commute to school for
STAR participants (N-1,138)

Commute Time
Mode

£10 minutes
N (%a)

>10 minutes
N (%a)

Bus
Car
Walk
Other

192 (27.3)
367(52.2)
131(18.6)
13(1.9)

332 (76.3)
67(15.4)
30(6.9)
6(1.4)

a

p-value5
<0.0001

Percentages may not sum to 100% due to rounding.
is for x2 test.

b P-value
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Table 4.5. Evaluation of interaction terms for covariates as effect modifying
factors for mode of travel to school and asthma severity score

Covariates
Age
Mode to school
Age*mode

Gender
Mode to school
Gender*mode

Race/Ethnicity
Mode to school
Race*mode

Mom's Education
Mode to school
Educatiori*mode

Atopy
Mode to school
Atopy*mode

Smoking
Mode to school
Smoking*mode

School region
Mode to school
SchoolRegion*mode

Home region
Mode to school
HomeRegion*mode

Parameter

Standard error

p-value

-0.0302
-0.0843
-0.0552
-0.0391
-0.2942
0.1294
0.0286
0.0101
-0.0608
0.1687
0.1162
-0.1131
0.2039
-0.0551
-0.0848
-0.4824
-0.1330
0.1729
0.1322
0.1108
-0.1231
0.1316
0.0827
-0.1100

0.1547
0.1530
0.2164
0.1585
0.3281
0.2204
0.0790
0.2455
0.1097
0.1186
0.3765
0.1649
0.1642
0.1882
0.2300
0.2295
0.1164
0.3135
0.0918
0.2755
0.1277
0.0918
0.2761
0.1281

0.8451
0.5819
0.7986
0.8053
0.3701
0.5572
0.7172
0.9673
0.5796
0.1150
0.7576
0.4931
0.2147
0.7697
0.7123
0.0358
0.2533
0.5814
0.1500
0.6876
0.3349
0.1522
0.7645
0.3906
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Table 4.6. Evaluation of interaction terms for covariates as effect modifying
factors for length of travel to school and asthma severity score

Covariates
Age
Time to school
Age*time

Gender
Time to school
Gender*time

Race/Ethnicity
Time to school
Race*time

Mom's Education
Time to school
Education*time

Atopy
Time to school
Atopy*time

Smoking
Time to school
Smoking*time

School region
Time to school
SchoolRegion*time
Home region
Time to school
HomeRegion*time

Parameter

Standard error

p-value

0.0437
0.1365
-0.2621
-0.1305
-0.5412
0.3885
0.1266
0.6264
-0.3093
0.1204
0.1044
-0.0480
0.0915
-0.1265
0.1932
-0.4693
-0.0081
0.1626
0.0335
-0.1113
0.0571
0.0340
-0.1394
0.0714

0.1440
0.1550
0.2203
0.1471
0.3341
0.2236
0.0727
0.2460
0.1100
0.1107
0.3728
0.1634
0.1531
0.1963
0.2371
0.2188
0.1184
0.3206
0.0826
0.2760
0.1272
0.0826
0.2766
0.1278

0.7615
0.3784
0.2344
0.3751
0.1056
0.0827
0.0817
0.0110
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0.0050
0.2771
0.7796
0.7689
0.5501
0.5195
0.4155
0.0315
0.9454
0.6122
0.6857
0.6869
0.6535
0.6809
0.6142
0.5764

Table 4.7. Cumulative logistic regression models of school-related travel
and asthma severity score (N-1,138)

Mode to School
Non-bus (ref)
Bus

Time to School

Model 1a

Model 2"

1.00
.89 (.72, 1.11)

1.00
.88 (.71, 1.09)

Model 1a

Model 2°

<, 10 min (ref)
1.00
1.00
> 10 min
1.01 (.81, 1.26) 1.00 (.80, 1.25)
aModel 1 - unadjusted (asthma severity score =
intercept + mode to school (or time to school))
bModel 2 - full model, adjusted for age, gender,
mother's education, atopic status, smoking in the
home, home region

Table 4.8. Cumulative logistic regression models of school-related travel
and days of missed school (N=1,138)

Mode to School
Non-bus (ref)
Bus

Time to School

Model 1a

Model 2"

1.00
.92 (.75, 1.13)

1.00
.97 (.77, 1.17)

Model 1a

Model 2D

< 10min (ref)
> 10min

1.00
1.00
.90 (.73, 1.11)
.90 (.74, 1.12)
aModel 1 - unadjusted (missed schoo days =
intercept + mode to school (or time to school))
bModel 2 - full model, adjusted for age, gender, mother's
education, atopic status, smoking in the home, home
region
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Chapter 5
Conclusions and future directions
While estimated ambient NO2 exposures at school (mean = 10.87) were similar
to measured outdoor home NO2 exposures (mean = 9.93) for STAR participants
in this study, a study by Richmond-Bryant and colleagues in New York reported
higher levels of traffic-related pollutants measured outside of schools during
school dismissal compared to background exposures (19) and Li and colleagues
reported higher aerosol particle count at schools compared to a control site
(123), suggesting a contribution from school bus emissions.

These recent

studies did not attempt to associate school exposures with health outcomes,
however.

Studies designed specifically to measure traffic-related pollutant

concentrations, including N02, inside and outside of schools will provide valuable
insight in assessing health effects of such exposures for children. These studies
should incorporate measurement of health outcomes in order to facilitate the
investigation of associations between traffic-related pollution exposures and
pediatric asthma within single cohorts, rather than trying to extrapolate data from
exposure-only studies to studies of health.

Results from both STAR and the recent study by McConnell and colleagues
(119) illustrate the need for in-transit measurements to characterize better the
effects of transportation-related exposures on asthma severity in schoolchildren.
While there have been studies that have characterized the nature of in-transit
exposures for children (116, 124-130) and reported reductions in school bus
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exposures as a result of cleaner burning fuels (117), measurements of in-transit
exposures have not been used in studies of health effects to determine their
associations with pediatric asthma or other health outcomes.

One way to

address this question is to design a prospective study investigating the
association

between

in-transit

exposures

and

measurements taken during school commutes.

asthma

severity

using

Another way is to enhance

existing traffic and/or land use regression models to account for traffic exposure
levels encountered by children during travel to school. In Connecticut, GISformatted traffic data are available only for major roads and interstate highways.
There is not much overlap between these roads and routes used by school
buses, however, illustrated by overlaying school bus routes in Ansonia onto a
map of the Connecticut roads with available traffic data (Figure 4.1).
Incorporating average daily traffic counts on local roads used during school
commutes in models that estimate in-transit exposures would allow better
characterization of these exposures and facilitate assessment of health impacts.

This study sought to enhance the current literature on school air pollution
exposures and pediatric asthma by estimating ambient NO2 levels at schools and
investigating the association between school-related NO2, including exposures
during transport, and asthma severity. Overall results indicated an increased risk
of more severe asthma with concurrently high home and school NO2 levels, with
little effects on asthma severity from exposures during school-related transport.
Further research is needed, however, to confirm the effects of school-related N02
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exposures on asthma outcomes and to devise intervention strategies to reduce
such exposures, especially for children in high-risk groups.
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Appendix A
School exposure estimates and model validation
A.1

Further Description of STAR Data Collection

The initial home visit for STAR participants consisted of a structured interview,
dust sample collection, blood draw for allergy testing, appliance observation and
placement of the first set of NO2 samplers.

The interview, administered to

parents, obtained information on the child's medical history, family asthma and
allergy history, socio-demographic characteristics and potential exposures.

A

detailed history of homes lived in and schools attended during the study period
was collected throughout the study and updated during the exit interview.
Information also was collected from parents during the home and exit interviews
about transportation to/from schools. Parents were asked the mode and length
of time associated with their child's daily school-related transport. Subsequent
interviews were conducted by phone and occurred up to 8 times during follow-up
(9 interviews in total).

A.2

School NO2 Exposure Estimates

School-related NO2 exposures that corresponded to the periods of time when
asthma outcomes were measured (March 2006-July 2009) were estimated using
an adaptation of the statistical model described in the full chapter, hereafter
referred to as the STAR traffic model.

In the model version used for this

dissertation research, land use data were obtained from the National Oceanic
and Atmospheric Administration. While the original model was based on data for
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Connecticut, the most recent version also incorporated information relevant to
STAR participants in Massachusetts. All school addresses for STAR participants
were entered into a database, geo-coded using the ESRI ArcEditor version 9.3.1
software package (131) and mapped to assess the spatial distribution of the
schools within STAR (Figure A.1). The spatial distribution of study participant
homes was similar to (and, in fact, had a finer spatial resolution than) that of the
schools attended by the participants. Therefore, the current version of the STAR
traffic model was thought to be well able to estimate NO2 concentrations at the
schools for each participant in each monitoring period. Using parameters from
the current STAR traffic model, SAS 9.2 (103) was used to produce daily outdoor
N02 estimates for 493 schools, corresponding to 1,160 of the STAR participants
(see flowchart, chapter 3), from January 1, 2006 through December 31, 2010.
This time period included the STAR follow-up period and the dates on which
validation measurements were taken at a sub-sample of schools (see "Model
Validation" below). Dates of monitoring periods that fell within a school year
(beginning after August 31st and ending before July 1) were identified for each
STAR participant and the daily school estimates corresponding to the monitoring
periods were averaged to produce up to 7 monitoring-period school exposure
estimates per participant. Monitoring period estimates were used in order to
correspond to the time periods used to calculate the asthma severity scores used
in later analyses, while seasonal estimates were created for descriptive purposes
only.
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A.3

Model Validation

In order to assess the accuracy of the modeled NO2 concentrations at the
schools, direct measurement of outdoor NO2 levels was conducted at a subsample of the schools where STAR participants were enrolled.

Established

procedures for using the Palmes' tubes for the passive measurement of NO2
were used.

Palmes' tubes were placed, through a partnership with AWS

Convergence Technologies (AWS - now Earth Networks), at a convenience
sample of STAR schools in 2010 for one, four-to-five-week period during winter
(January 26th - March 15th), spring (April 26th - June 11th) and fall (October 25th December 9th). This subset of schools was identified by choosing STAR schools
where there were active WeatherBug weather stations (run by AWS) in place
(Figure A.1), as the NO2 monitors were placed by a technician from AWS on or
near the WeatherBug stations; for many schools, the weather station was located
on the roof (Figure A.2). The measured concentrations, which were collected
and integrated over a 4-5 week period in each season, were compared with an
average of the modeled daily exposure estimates over the corresponding time
period for each school (Table A.1). When a regression model was run to assess
the association between estimated school exposures and measured school
exposures, they were moderately associated with one another (adjusted R2 =
0.5019; Figure A.3D). In addition, linear regression using the model to predict
the measured values produced a line with a slope not too different from the
expectation that the model would predict measured values without error (y=x).
However, when considered by season, it was evident that the modeled and
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measured levels were more closely associated in the winter (adjusted R2 =
0.6715) and fall (adjusted R2 = 0.6330) and not associated with one another in
the spring (adjusted R2 = 0.0521) (Figure A.3A-C). Compared to the expected
zero-error model (y=x), the linear model tended to overestimate for schools with
low - mid level measured exposures and to underestimate for schools with high
measured exposures overall and in the fall and spring. However, on average in
the winter, the linear model overestimated the measured value.

A3.1 Limitations in model validation
Overall, the STAR traffic model performed well to estimate school N02 exposures
for study participants. While it is true that the school NO2 measurements that
were used to validate the model were collected after the close of STAR follow-up,
these validation measurements were used to account for differences in NO2
levels that occur between residences and schools; this is a relationship that
should remain constant regardless of the time period of measurement.
Validation measurements were compared to model estimates for the same
period of time in which the measurements were taken.

A random sample of schools from STAR participants would have been ideal as a
validation sample for estimating school exposures using the STAR traffic model.
Initial communications with schools for the STAR indicated that the study would
"not involve any air quality monitoring or allergen sampling in schools, nor any
statistical analysis aggregated by school or school district" (Leaderer, personal
communication).

Recognizing that the time required to obtain permission from
73

multiple school districts for outdoor N02 sampling would have been difficult, a
convenience sample of 29 schools with WeatherBug stations was used. These
stations were located and maintained by an independent organization with prior
permission from school districts to collect environmental data. This proved to be
a convenient way to obtain NO2 samples outside of schools.

The STAR traffic model explained over 60% of the variability in measured school
level NO2 exposures during the winter and fall seasons of 2010, based on
adjusted R2 values. The low level of variability (5%) explained by the model in the
spring may have been due to differences in meteorological conditions in the
study area, specifically wind patterns, during different seasons of the year. To
investigate this hypothesis, seasonal wind roses were created using the
WRPLOT View program (132). Information on wind speed and direction were
gathered from the Northeast Regional Climate Center (133) for four weather
stations in Connecticut (Sikorsky Memorial Airport in Bridgeport, Municipal
Airport in Danbury, Tweed Airport in New Haven and Bradley International Airport
in Hartford) and were incorporated into three seasonal wind roses for the year
2008, the most recent full year included in the STAR follow-up period (Figure
A.4). The prevailing winds during the winter and fall tended mainly to be from the
North/West quadrant, while those during the spring were less consistent and
came more from the South and East; these differences in wind direction were not
taken into account with the version of the STAR traffic model used.
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An additional consideration during the model validation process was the
difference in height between measurements used to create the model (taken at
street level) and those used to validate the model (taken on the roofs of schools).
Work by Christen and colleagues in Switzerland (134) indicates that there is a
vertical distribution of N02 in ambient air in street canyons; the farther above
ground a measurement is taken from the source (street-level), the lower the
measured concentration will be.

Though the locations in which validation

measurements were taken for this study would not qualify as street canyons,
differences in NO2 levels by height may account for the overestimation of
modeled exposures (based on street-level measurements) when compared to
measurements taken on the roof.

Despite these limitations, the STAR traffic model was used to estimate
monitoring-period ambient school NO2 exposures for a sample of children in the
STAR during school-year monitoring periods (up to 7 per child) to be used in
repeated measures analyses, since the model accounted for a large percentage
of the variability seen in measured school exposures. The next step in the
investigation of the association between school-related N02 and asthma severity
for children in the STAR was to determine the impact of these estimated school
exposures on asthma outcomes.

A.4

School Exposure Descriptive Statistics

Once daily exposures were estimated for each school during each day from
January 2006 - December 2009, including all dates in the STAR study-period, an
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analysis was run to compare estimated levels between seasons.

Estimated

school NO2 levels on average were highest in winter (January-March), followed in
descending order by fall (October-December), spring (April-June) and summer
(July-September) (Table A.2). In addition, while the seasonal trend in estimated
school NO2 exposures remained consistent throughout the STAR, the level of
N02 exposure decreased slightly as the study progressed (Figure A.5). This
decrease also has been observed in Connecticut NO2 measurements in recent
years (Figure A.6; compiled from EPA AirData) (120), and the annual averaged
school estimates from STAR fell near the middle of the range of EPA measured
levels over a similar time period.

The town in which each school was located also was categorized based on
urbanization and geographic location.

Urban schools were those in towns

identified by the US Census as being within an Urbanized Area (135) and were
compared to non-urban schools; shoreline schools were those located in towns
along the shore and were compared to inland schools. Of note, none of the
Massachusetts towns included in STAR were located along the shore. Daily NO2
estimates were averaged over the four-year STAR study period (January 1, 2006
- December 31, 2009) and these averaged values were used in urbanization and
geographic location analyses.

While there was only a small percentage of

schools considered non-urban by Census Urban Area inclusion (4.3%),
geographic location was more evenly distributed with 31.6% of schools located in
shoreline towns. Urban schools had a higher mean NO2 exposure than nonurban schools during the STAR study period (10.00ppb and 7.21ppb,
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respectively) (Table A.3a) and schools along the shoreline had a higher mean
exposure level than those more inland (11.25ppb and 9.25ppb, respectively)
(Table A.3b).

A.5

Supplemental health effects analyses

Tables A.4 and A.5 present results from analyses in which school-year averages
of both NO2 exposure and asthma severity were calculated for each child
included in this analysis of the STAR data; bivariate associations between these
annual averages and selected covariates were assessed (described briefly in
chapter 3). As mentioned, bivariate associations between covariates and schoolyear school N02 exposure levels differed significantly by race/ethnicity, mother's
education, atopic status, smoking in the home and levels of home NO2, while
associations with school-year asthma severity score differed significantly by age,
race/ethnicity and mother's education.
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A.6

Figures and tables
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Figure A.1. Map of schools in STAR study, including those with active
WeatherBug stations
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Figure A.2. WeatherBug station with N02 sampler (Palmes' tube) on school
roof
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2008

Table A.1. Descriptive statistics for validation of traffic model to estimate
school exposures

Winter

Winter

Winter

Winter

Winter

8.2431
8.6050
6.1930
9.9040

3.1563
3.1650
2.3170
2.8090

684.1730
249.5380
167.2200
267.4160

3.1585
3.2880
3.1590
5.8480

17.3689

8.8966
10.498
6.3680
9.7050

3.1260
2.6520
2.7050
2.3990

738.4170
304.4380
171.9430
262.0370

1.0843
5.1690
1.0840
5.5050

15.5653
15.5650
11.5340
14.4230

8.2431
8.6050
6.1930
9.9043

2.2495
2.6160
0.6896
2.2596

684.1730
249.5380
167.2200
267.4160

2.6212

3.3480
4.8460
5.9480

13.0419
13.6030
7.5100
14.3490

0.0000
0.0000
0.0000
0.0000
0.0016
0.0022

2.2141
1.7812
2.2123
1.6687
1.0084
1.0211

0.0000
0.0000
0.0000
0.0000
0.1365
0.0634

5.3654
3.8085
3.7790
3.1612
2.4234
2.1864

8.0465
4.7465
6.6590
4.7709
3.7199
2.7238

0.0002

1.0211

0.0057

1.7481

3.1126

0.0031

1.0236

0.0836

1.9607

2.9416

16.2080

11.9650
17.3690

Table A.2. Seasonal means of STAR school N02 estimates
Season

N

Mean

Std. Dev.

Min.

Max.

2.2799 5.9384 18.9775
Winter
493 12.1373
Spring
2.2799
493
8.443
2.244 15.2832
2.2799 1.5398 14.5789
Summer
493
7.7387
2.2799 5.0693 18.1084
Fall
493 11.2682
"p-value for F-tesi test from ANOVA
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p-value*
<0.0001

Table A3. STAR school NOz estimates by school location
a. Urban vs. Non-urban
Category

N

Mean

Urban
472 10.0009
Non-urban
21 7.2054
*p-value for t-test

b. Shoreline vs. Inland
Mean
Location
N
Shoreline 156 11.2525
9.2592
Inland
337
*p-value for t-tes

Std. Dev.

Min.

Max.

p-value*
<0.0001

2.2052 4.5480 16.7301
2.3334 3.6910 11.4361

Std. Dev.

Min.

Max.

1.8461 6.2850 15.8987
2.1859 3.6910 16.7301
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p-value*
<0.0001

Table A.4. Associations between school-year average outdoor level of
nitrogen dioxide (NO2) at school, demographic characteristics, atopy and
home exposures to air pollution for 1,087 asthmatic children, CT and MA,
2006-2009
School Exposure (ppb)a
8.6- 10.3- 11.7Participants £8.5 10.2 11.6 13.2 >13.2
Characteristic
N (%)
%
%
%
%
% p-valueb
Total
1,087
13.1 23.1 25.5 23.1
15.3
Age (years)
0.8280
562(51.7) 13.9 23.3 24.2 23.0
15.7
4-7
8-11
525 (48.3) 12.2 22.9 26.9 23.2
14.9
Gender
0.3868
Male
643 (59.2) 14.2 22.7 26.8 21.8
14.6
Female
444 (40.8) 11.5 23.7 23.7 25.0
16.2
<0.0001
Race/Ethnicity
Non-Hispanic White or
466 (42.8) 21.2 27.9 27.5 20.0
3.4
Asian
Non-Hispanic Black
188(17.3)
6.4 20.2 23.9 22.9
26.6
Hispanic
380 (35.0)
6.3 18.7 24.2 27.1
23.7
Mixed race or Other
53 (4.9) 13.2 22.6 22.6 22.6
18.9
<0.0001
Mother's Education
(years)
<12
163(15.0)
8.0 17.2 22.1 26.4
26.4
584 (53.7)
12-15
9.4 20.4 27.4 25.0
17.8
>15
340 (31.3) 21.8 30.6 23.8 18.2
5.6
Atopic
0.0250
365 (33.6) 13.2 19.5 26.3 21.4
No
19.7
Yes
722 (66.4) 13.0 24.9 25.1 24.0
13.0
Smoking in the home
0.0001
No
942 (86.7) 13.8 23.5 25.8 23.7
13.3
Yes
145(13.3)
8.3 20.7 23.5 19.3
28.3
<0.0001
Outdoor Home N02
> 10 ppb°
No
568 (52.3) 22.2 30.6 26.1 16.7
4.4
Yes
519(47.7)
3.1 14.8 24.9 30.1
27.2
Indoor Home N02
<0.0001
> 6 ppbd
No
410(37.7) 22.2 29.5 24.2 18.3
5.9
677 (62.3)
7.5 19.2 26.3 26.0
Yes
21.0
Category bounds based on quintiles of monitoring period school N02 exposure
is for x2 test.
0 10 ppb = mean outdoor home N0
2
d 6 ppb = lowest indoor N0 level found to be associated with asthma severity.
2

b P-value
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Table A.5. Associations between school-year average asthma severity,
demographic characteristics, atopy and home exposures to air pollution for
1,087 asthmatic children, CT and MA, 2006-2009

Characteristic
Total
Age (years)
4-7
8-11

Participants
N(%)
1,087

Monitoring Period Asthma
Severity Score
2.0 3.0
4.0
0.0
1.0
%
19.8

%
11.6

%
%
23.7 25.9

% p-value"
19.0

<0.0001
562 (51.7)
525 (48.3)

2.1
2.7

20.3
19.8

27.6 28.5
25.3 34.3

21.5
17.9

Gender
Male
Female

0.9400
643 (59.2)
444 (40.8)

2.3
2.5

19.4
21.0

26.6 31.1
26.4 31.5

20.5
18.7

466 (42.8)

1.5

18.0

23.6 34.6

19.3

188(17.3)
380 (35.0)
53 (4.9)

2.1
3.4
3.8

27.1
20.5
9.4

27.7 28.2
27.4 26.3
15.1 49.1

14.9
22.4
22.6

Race/Ethnicity
Non-Hispanic White
or Asian
Non-Hispanic Black
Hispanic
Mixed race or Other

0.0033

Mother's Education
(years)
<12
12-15
>15

0.0043
163(15.0)
584 (53.7)
340 (31.3)

4.3
2.7
0.9

23.9
20.0
18.2

18.4 30.7
29.8 27.7
24.7 37.7

22.7
19.7
18.5

365 (33.6)
722 (66.4)

3.6
1.8

21.6
19.3

28.0 26.0
25.8 33.9

20.8
19.3

Atopic
No
Yes

0.0515

Smoking in the
home
No
Yes

0.1683
942 (86.7)
145(13.3)

2.2
3.5

19.0
26.9

26.8 31.6
24.8 29.0

20.4
15.9

Outdoor Home N02
> 10 ppbb
No
Yes

0.4033
568 (52.3)
519 (47.7)

1.8
3.1

20.1
20.0

25.5 33.3
27.6 29.1

19.4
20.2

Indoor Home N02
> 6 ppbc
No
Yes

0.7343
410 (37.7)
677 (62.3)

2.2
2.5

a

20.0
20.1

25.6 33.7
27.0 29.8

18.5
20.5

P-value is for yf test.
ppb = mean outdoor home N02
0 6 ppb = lowest indoor N0 level associated with asthma severity in the full STAR cohort.
2
b 10
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